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IN THE UNITED STATES PATENT AND TRADEMARK OFFICE 

DECLARATION OF JOHN C. ROCKETT, Ph.D. 

UNDER 37 C:f:r\ j § 1.132" '''' - - " r 

: . : ,-t . tV I f JOIDJ^COUGHLIN ROCKETT^ III Ph.D^ , declare .and 

state as follows i 1 * w v * x - t ; ; ' : "'** 

1. Since 1995 I have been engaged full-time in 
molecular toxicology research, ; with an emphasis" on ' the ' " l f np 
-appli cation r of expression prof iling techniques/ including but 
hot limited to nucleic acid microarray expression' prof lling 
■techniques, to studies of the mechanisms of toxicant action 
and to the design of assays to monitor toxicant exposure. 

2. My curriculum viiae, including my list' of 
publications, 'is attached hereto as Exhibit A. ' 

■ 3- ; For the past 5 years, my work has focused 
primarily on analyzing the effects of potentially hazardous 
environmental agents, such as heat, water disinfectant - 
byproducts , and conazole fungicides on the male reproductive 
tract. Although we are interested in the basic mechanisms of 
action of such toxicants, we also have two practical goals in 
mind: first, to identify individual agents and families of 
agents that adversely affect male reproductive development and 
function, and second, to develop methods for monitoring human 
exposure to such agents, particularly methods capable of 
identifying toxicant exposure at an early stage, 

4. I have relied on expression profiling as a 
principal approach to these goals. Expression profiling, by 



reporting the expression levels of thousands , of genes 

us an opportunity to identify and group 
toxicants based on similarities in the patterns of gene 
expression they : induce in cells and tissues ;' the gene 

-expression profiles induced by treatment with known testicular 
toxins serve as ; standards ; molecular signature's' or molecular 
fingerprints as it were, against 7 which .the * patterns of gene 
expression induced by agents of. unknown toxicity may be 
■compared and judged.; In addition, gene expression 'profiling^ 

may give us the' opportunity to detect toxicity before more 

gross phenotypic changes become manifest. 

5. In keeping with this research emphasis, I have 
until recently: . . > 

served. on the Microarray Technical 
Subcommittee of the United States Environmental'' 
Protection Agency (EPA) Genomics Task Force, and - * 

served on the Scientific Committee for ; > : 
the conference series on "Critical Assessment of 
Techniques for Microarray Data Analysis," held 
annually at Duke University, Durham, NC; 

and I currently 



serve on the Technical Committee on the 
Application of -Genomics to Mechanism- Based Risk. 
Assessment of the International Life Sciences 
Institute's Health and Environmental Sciences 
Institute, 

serve on the Genomics and Proteomics 
Committee of the National Health and Environmental 
Effects Research Laboratory of the EPA's Office of 
Research and Development, 

belong to the [North Carolina Research] 
Triangle Array Users Group, 



" i belong to the Molecular Biology- - . 

j , , Speciality Section of the Society of Toxicology, 
and 

be}.png^to the Triangle Consortium for 
Reproductive Biology.- v > . 

In addition, i am the principal investigator on a -cooperative 
research, and development: agreement > (CRADA) entitled 
-Development: of a Genetxc Test for. Male' >kc tor infertility.- 
Prior- >to this, I was 1 a co-principal investigator on a ,; 
materials cooperative' research 1 and development agreement 
(MCRADA) to print oligonucleotide-based microarrays; and from 
1999 - 2002, I was coinyestigator .on, ,,a CRADA ,to develop gene 
microarrays for toxicology applications . ; 1 

.6. I presume the reader's familiarity "with the 
basic construction and operation of microarrays." For purposes 
of the discussion to follow, I use . the phrase "nucleic acid 
microarray- and, equivalent ly, the term -microarray- to refer 
generically to the various types of nucleic, acid microarray 
that include immobilized 1 nucleic acid probes of sufficient 
length to permit specific binding, with, minimal cross- 
hybridization, to the probe's cognate transcript, whether the 
transcript is in the form of RNA or DNA. Although this 
definition excludes microarrays having shorter probes, such as 
the 20-mer probes of arrays manufactured by Affymetrix, Inc., 
many of the comments that follow nonetheless apply to such 
microarrays as well. 



7. Although my own work with microarrays dates 
back only to 1998, and high density spotted nucleic acid 



microarrays themselves date back perhaps only to 1995, 1 
microarrays are by no means £he only,, nor the. first, 
expression profiling tool . As I describe in detail in ; my 
Xenobiotica review; 3 there. . are .a . .number , of J other, differential 
expression analysis : technologies .that- precede -the- development 
of microarrays, some" by decades, and that "have' been 'applied to 
drug metabolism and toxicology research, including: 
(1) differential screening; (2) subtractive hybridization, 
including variants such as chemical cross-linking; subtraction, 
Suppression-PCR, subtractive hybridization and representational 
difference analysis; -.(3) differential, display; (4) ^restriction 
endonuclease, facilitated analyses., : including .serial analysis- . u 
of gene expression (SAGE) and gene expression fingerprinting; 
and (5) EST analysis. 

8. In my own earlier research, ,1 used both 
reverse- transcriptase polymerase chain reaction (RT-PCR) and i 
suppression-PCR subtractive hybridization (SSH) to study 
patterns of differential gene expression caused by hepatic 
challenge with nongenotoxic and genotoxic hepatotoxins. 3 



Schena et al., "Quantitative monitoring of gene expression patterns 
with a complementary DNA microarray, " Science 270:467-470 (1995) attached 
hereto as Exhibit B. 

' Rockett et al., "Differential gene expression in drug metabolism and 
toxicology: practicalities, problems and potential , • Xenobiotica 29:655-691 
(1999) (hereinafter, 'Xenobiotica review"), attached hereto as Exhibit C. 

' See, e.g., Rockett et al., "Molecular profiling of non-genotoxic 
carcinogenesis using differential display reverse transcription polymerase 
chain reaction (ddRT-PCR) , • European J. Drug Metabolism & Pharmacokinetics 
22(4):329-33 (1997), and Rockett et al., "Use of a suppression-PCR 
subtractive hybridization method to identify gene species which demonstrate 
altered expression in male rat and guinea pig livers following 3-day 
exposure to [4-chloro-6- (2,3-xylidino) -2-pyrimidinylthio] acetic acid • 
Toxicology 144(1-3) : 13-29 (2000). attached hereto respectively as Exhibits 
D and E. 
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, > ; • c , , 9- . These older transcript expression -prof iling 
a.;^#^^ proyide. .analogous -expression .data / rbut <wi-th> far 
lower throughput. 

L - - v ,T, : 10. Vir , : It,^as been .well-established, at-'least since 
,£he : introciuction, of . high; ; , density spotted microarfays in 1995, 

7 j *'iv ■ . ■ * , > ./ ^ i j »...* •. • . : :i . : „* . f . l a . \ 1 . v : " r < *. ; n \. 

(i) each probe on the microarray, with 

- careful design and sufficient' length/ and with 1 " ^ 
); sufficiently stringent: hybridization and wash i 5 m.* <- 

conditions, binds specifically and with minimal 
. *" 1 1 cross -hybridisation; to the -probe 1 s cogriate '* : 

transcript;, . , . ^ .... . - t . 

(ii) each additional probe makes an 
additional transcript newly detectable' by the '~ iX 

„ . , microarray, increasing. the detection range, and . 
thus versatility, of this analytical device for 
gene expression profiling; 4 " 

(iii) it is not necessary that the 
biological function be known in order for the gene, 



The compelling logic ■ jof .. this proposition -has likely motivated the 
remarkably rapid progress from the earliest high density spotted arrays in 
1995 (Schena et al., "Quantitative. monitoring of gene expression patterns 
with a complementary DNA microarray," Science 270:467-470 (1995), attached 
hereto as Exhibit B) , to the first whole genome arrays in 1997 (Lashkari et 
al., "Yeast microarrays for genome wide parallel genetic and gene 
expression analysis, - Proc. Natl. Acad. Sci. USA 94 (24) : 13057-62 (1997) and 
DeRisi et ai., "Exploring the metabolic and genetic control of gene 
expression on a genomic scale," Science 278 (5338) : 680-6 (1997), attached 
hereto as Exhibits F and G, respectively) , to the concurrent announcement 
by two companies earlier this month of their respective commercial 
introductions of single chip human whole genome arrays (Pollack, "Human 
Genome Placed on Chip; Biotech Rivals Put it Up for Sale," The New York 
Times, Thursday, October 2. 2003 (Business Day), attached hereto as 
Exhibit H; "Agilent Technologies ships whole human genome on single 
microarray to gene expression customers for evaluation," Press Release, 
Agilent Technologies, October 2, 2003, attached hereto as Exhibit I; 
"Affymetrix Announces Commercial Launch of Single Array for Human Genome 
Expression Analysis; More Than 1 Million Probes Analyze Expression Levels 
of Nearly 50,000 RNA Transcripts and Variants on a Single Array the Size of 
a Thumbnail," Press Release, Affymetrix, October 2, 2003, attached hereto 
as Exhibit J) . 



* 



or a fragment of the gene, to prove useful as a 
probe on a mi cr oar ray to be used for expression 
analysis; 

(iv) failure of a probe to detect changes 
in expression of its cognate gene does not diminish 
the usefulness of the probe on the microarray; and 

(iv) failure of a probe to detect a 
particular transcript in any single experiment does 
not deprive the probe of usefulness to the 
community of users who would use this research 
tool . 

These principles also apply to transcript expression profiling 
techniques that antedate the development of high density 
spotted microarrays, and accordingly were well -understood 
prior to 1995. 

11. Moreover, expression profiling is not limited 
to the measurement of mRNA transcript levels. It is widely 
understood among molecular and cellular biologists that 
protein expression levels provide complementary profiles for 
any given cell and cellular state. Although I cannot claim 
credit for having coined the phrase, I have written that the 
difference between transcript expression profiling and protein 
expression profiling is that " transcriptomics indicates what 
should happen, and proteomics shows what is happening. * 5 

12. For decades, such protein expression profiles 
have been generated using two dimensional polyacrylamide gel 



5 Rockett, "Macroresults through Microarrays," -Drug Discovery Today 

7:804 - 805 (2002) (emphasis added), attached hereto as Exhibit K. 
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electrophoresis (2D- PAGE) ; 'and iiseci, among' otHer 'things to 
study drug effects.* 

13. Xit&dug^ egression profiles 

produced by 2D- PAGE analysis are analogous to the transcript 
expression profiles provided by nucleic acid microarrays, an 
even closer analogy -is .perhaps offered by ^tibodyb M%?t , 
microarrays;;> as :v I note in my Drug Discovery Today commentary, 
such antibody microarrays date back to the work of Roger Ekins 
in the mid- to laVd-XS&tis'; 7 1 ^X^w r.i«.u 

14 . The, principles .in paragraph; 10 <also, .-apply, to 
protein expression , prof i ling analyses, - particularly to t ; ; n<: 
analyses performed using .antibody microarrays.,., Thus, as . with 
nucleic acid microarrays, the greater the number of ^proteins 
detectable, the greater the power of the technique; the 
absence or failure of a protein to change 1 in expression levels 
does not diminish the usefulness of the method; and prior 
knowledge of the biological function of the protein is not 
required. As applied to protein expression profiling, these 
principles have been well understood since at least as early 
as the 1980s. 

15. Both gene and protein expression profiling are 
particularly useful to the toxicologist , especially in the 
pharmaceutical industry. Accordingly, I made the following 



See, e.g., Anderson et al., "A two-dimensional gel database of rat 
liver proteins useful in gene regulation and drug effects studies," 
Electrophoresis 12:907 - 930 (1991), attached hereto as Exhibit L. 

7 See Ekins et al., J. Bioluminescence Chemi luminescence 5:59-78 

(1989); Ekins et al. t Clin. Chem. 37: 1955-1965 (1991); and Ekins, U.S. 
Patent Nos. 5,432,099, 5,807,755, and 5,837,551, attached hereto 
respectively as Exhibits M to Q. 



statements in my : Xehobiotic& review, writteh^ ih f the summer of 

..j^.JIJn.the field , of chemical-ijiducjed 
toxicity, it is how becoming increasingly' obvious 
that most adverse reactions to drugs and 1 chemicals - * ~ - 
m . ;. the. result, pf multiple . gene . regulation, some of, . 
which are causal and some of which are* casually- " *' 

• related"- to the toxi co-logical phenomenon >per se^ * r o 
Thi £< observation hassled to an upsurge^ in. interest 
in gene-profiling technologies "which dlf terentiate 
between 1 the control and toxin-treated gene -pools in .« -< :n 
target tissue^ and. is,, therefore, of value in, 
rationalizing the molecular mechanist "of 
xenobiotic- induced toxicity .5 • 

Knowledge of toxin -dependent -gene 
regulation in target tissues is not solely' ah ' " 

• academic pursuit as much interest has been 
generated in the pharmaceutical industry to harness 
this technology in the early, identification of 
toxic drug candidates.^ thereby, shortening the 
developmental ^process ,and contributing 
substantially to the safety assessment of new 
drugs. ■> ■ ... r .-. ; ; 

For example, if the gene" prof ile in ' 
response to say a testicular toxin that has been 
well-characterized in vivo could be determined in 
the testis, then this profile would be 
representative of all new drug candidates which act 
via this specific molecular mechanism of toxicity, 
thereby providing a useful and coherent approach to 
the early detection of such toxicants. 

Whereas it would be informative to know 
the identity and functionality of all genes up/ down 
regulated by such toxicants, this would appear a 
longer term goal, as the majority of human genes 
have not yet been sequenced, far less their 
functionality determined. However, the current use 
of gene profiling yields a pattern of gene changes 
for a xenobiotic of unknown toxicity which may be 
matched to that of well-characterized toxins, thus 
alerting the toxicologist to possible in vivo 
similarities between the unknown and the 
standard. . . . 



.... • m .- w. . s ....... , : , 

«ia Despite the development of multiple 

technological advances which have recently brought 
the field of gene expression profiling" '"to i-he" c0r 
forefront of molecular analysis, recognition of the 
importance of differential gene expression and 
v, .v Characterization of differentially expressed genes 

has existed for many years. <<• ■■.■*-.r.. ••• 

; r ' ; ' ; • " : ' ° •' •;•:•<<•• .— ".■• •• ; , \c,:'-- ;:,r: ., c ,.j : , t _ v . >. 

16. As noted in 'the preceding "excerpt" from 1 my 
Xenobiotica review, expression profiling ^ in tioxicoiogy ^studies 
yield patterns of changes that are characteristic" of ah agent' 
of unknown toxicity, which 'patterns may '-usefully W'matched H to 
those : of w'ell-characteriz«d "toxins . ' " 

17. In the context of such patterns of gene M 
expression, each additional gene- spec! fie "probe 5 provides an J 
additional signal that could not otherwise have been detected, 
giving a more comprehensive, robust/ higher resolution '--'and 
thus more useful ~ pattern than otherwise would have ' been ' 

possible.* •' '-•■ • ■ V" -■. 

18. It is my. opinion, therefore, based on the. state 
of art in toxicology at. least since the mid-1990s -- and 
as regards protein profiling, even earlier that disclosure 

of the sequence of a new, gene or protein, with or without 
knowledge of its biological function, would have been 



8 In a sense, each gene-specific probe used in such an analysis is 
analogous to a different one of the many parts of an engine, with each 
individual part, or subcombinations of such parts, deriving at least part 
of their usefulness from the utility of the completed combination, the 
functioning engine. 



sufficient information "f or a" toxicologist to use the igene 
and/or 5 pfoteiif in 'expression profiling studies in toxicology. 

;<.^ f oi/v^/.A9 v - ;r>The,.s^ declaration 
represent r my ^individual -views and are . not intended to 
represent ^ the opinion of my enployer, the United States 
Environmental .Protection Agency, . or of any other branch of the 
federal j government ... Y Other ,than* my current engagement to 
provide, this declaration, . I have. neither had, nor currently 
have jf(/ financial, ti ; es : to,. t or £ financial, interest in, Incyte 
Corporation • , .= . , I , am : not : myself, an . inventor,, on any patent 
application : claiming ; a gene or gene f ragment . 

20 . I declare further that all : statements' made : r v 
herein of my own knowledge are true and that all statements 
made on information ( and belief are believed to be true, and 
further that these statements were made with the knowledge 
that willful .false, statements, ^nd the like so made are 
punishable by. f ine , or imprisonment, or both, under 
Section 1001 of Title. 18 of the United States Code and may 
jeopardize the validity of any patent application in which 
this declaration is filed or any patent that issues thereon. 




JohfTCoughlin Rockett III, Ph.D. Date 
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ROCKETT- EXHIBIT A 

Docket No.: PF-0594 USN 
USSN: 09/786,797 



CURRICULUM VITAE 



PERSONAL DETAILS 



Name:*/ 
Nationality: 
Work Address: 



John Coughlin Rbckett m ' :: : •"" . 5 . ' 

USA, 

United States Environmental Protection Agency " v 

-National Health and Environmental Effects Research Laboratory 

Reproductive Toxicology Division (MD-72) 

Gamete and Early Embryo Biology Branch 1 ' ; c ■y-r-'u- ■ 

Research Triangle Park 

NC 27711 

USA ; ' • ' • ■ • r, 



Work Telephone: +001 (919) 541 2678 
Work Fax: +001 (919) 541 4017 

Work E-mail: rockett.iohn@.epa. gov 



• -- : ^ Employment and Higher Education v : . : ,, , 

cjjRRENTT POSITION ^2^0^res«Bt). .V!.^ W !V< " 
. Research Biologist . 

, Gamete and Early Embryo Biology Branch (MD-72) ' ' " : ' r 

Reproductive Toxicology "Division " : ~ . • 

National Health and Envhx^en^ 'E£Gk^ 'R'es^iarc^' Laboratory ' : "' 1 - r Ki ' ' 

... US Environmental Protection Agency 
Research Triangle Park '" •'' ' ' •' ' 1 ' • 

NC 27711 " ' ' '" " '• . ; ' w - ' '' " '•" ' - n - 

' USA"' : : "' ' - " - l - ' Ai, -:': : >^ -'V5 

PJREVIOUS POSITIONS ','"'"./' K • • - •••••• ■ "'' > >-■<■■•' ' -i 

' 8/98^12/00: NHEERL Post-Doctoral Research Fellow, Gamete and Early Embryo Biology 
Branch, Reproductive Toxicology Division, National Health and Environmental Effects 

. Research Laboratory, United States Environmental Protection Agency, Research Trianele Park 
NC, USA. 

Supervisors: Dr Sally P. Darney (Scientific publications under Sally D. Perreault) and Dr David 
J.Dix. . . ; . .,• • j; . , . 

5/95-7/98: Rhone-Poulenc Post-Doctoral Research Fellow, Molecular Toxicology Group, School 
of Biological Sciences, University of Surrey, Guildford, Surrey, England. 
Supervisor: Prof. G. Gordon Gibson. V- 



EDUCATION 

Ph.D., 1995 - University of Warwick, Coventry, W. Midlands, England 

Title: Transforming Growth Factor-p and Immune Recognition Molecules in Oesophageal 

Cancer. 

Supervisors: Dr Alan G. Morris (University of Warwick) and Dr S. Jane Darnton (Birmingham 
Heartlands Hospital) 

B.Sc. (Hons.), 1991 - University of Warwick, Coventry, W. Midlands, England. 

Degree: Microbiology and Microbial Technology (with intercalated year in industry), Class 2i. 

Tutor: Professor Howard Dalton. 
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PROFESSIONAL ACTIVITIES 

I * * 1 . 

• ■ . ■ ■ •"« .» - 5 ... : , m ■ • 

Membership of Professional Societies: , r . 

Society of Toxicology (Inc. Molecular Biology Speciality Section) (2001 -present) 
: VScience Advisory Board (200f-prescnf) ' ' J f * ! : " ' ;' 1 * 

*; Norft'Carolina Chapter of the Society of Toxicology (1999^>resent) 

Triangle Consortium' for Reproductive" Biology (iW-preWnt) 
; Triangle Array Users Group (1999-present) ' "'" ' V . , , , 

institute of Biology (UK.) (1989 - present) 

British Toxicology Society (1996 - 2000) 

Biochemical Society (U.K.) (1992-1995) 

British Society for Immunology (1992-1995) 



Membership of Scientific Committees: 

International Life'Scierices Institute's (ILSI) Health and Environmental Sciences Institute (HESI) 
Technical Committee on the Application of Genomics to Mechanism-Based Risk Assessment: 

• Steering Committee (5/02-present). 

• Hepatotoxicity Working Group Vice-Chair (5/02-present). 

• Hepatotoxicity Work Group Member (5/01-present). ; 

Charter member, Fertihty and Early Pregnancy Work Group of the National Children's Studv 
(07/01-Present). 3 

National Health and' Environmental Effects Research Laboratory Distinguished Lecture Series 
Committee (July 03-present). 

U.S. Environmental Protection Agency Genomics Task Force Microarray Technical 
Subcommittee (August 03-present). 

National Health and Environmental Effects Research Laboratory Genomics and Proteomics 
Committee (NGPC) (September 03-present). 



Professional Meetings: 

Invited participant ("Observer") in Expert Panel Workshop: "The Role of Environmental Factors 
on the Onset and Progression of Puberty in Children". Organised by Serono Symposia 
International. November 6*-8* 2003, Chicago, IL, USA. 

Joint organiser and co-chair of: "Genomic analysis of surrogate tissues for measuring toxic 
exposures and drug action", the "Innovations in Applied Toxicology" Symposium for the Society 
of Toxicology 42" Annual Meeting, March 9 th -! 3 th , 2003, Salt Lake City, UT, USA. 
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(8) John C. Rockett, David J. Esdaile and G Gordon Gibson (1999). Differential gene expression 
in drug metabolism: practicalities, problems and potential. Xenobiotica, 29(7):655-691. 
(7) MC'Murphy, CN Brookes; JC Rockett, C Chapman, JA Eovegrbve, BJ Gould, JW Wright and 
CM Wffiarafl???): The quantitation of lipoprofem lipase mRNA p in biopsies of human adipose 
tissue, using the polymerase chain reaction, and the effect of increased consumption of n-3 
polyunsaturated fatty acids. European Journal of Clinical Nutrition, 53:441-447 

(6) JC Rockett, DJ Esdaile and GG Gibson (1997). Mblecular profiling of noh-genotoxic 
carcinogenesis usmg differential display reverse transcription polymerase "chain reactibh v (ddRT- 
VCR). European Journal of Drug Metabolism & Pharmacokinetics 22(4):329-33. 

(5) Rockett, J.; Larkin, k., Damton, S.; Morris, A: and Matthews, H! (1997). Five newly 
established oesophageal carcinoma cell lines: phenbtypic and immunological characterisation. 
British Journal of Cancer 75(2):258-263. ' - • v ' : : \ c- r,,..- 

(4) J C Rockett, S J Damton, J Crocker, H R Matthews and A G Morris (1 996). Lymphocyte 
infiltration in oesophageal carcinoma:' lack of correlation with MHC antigens; IC AM- 1, and tumour 
stage arid grade. Journal of Clinical Pathology 49:264-267? 

(3) J C Rockett, S J Damton, J Crocker, H R Matthews and A G Morris (1995). Expression of HL- 
ABC and HLA-DR histocompatability antigens and intercellular adhesion molecule- 1 in 
oesophageal carcinoma. Journal of Clinical Pathology 48:539-44. 

(2) Salam M, Rockett J and Morris A (1995). The prevalence of different human papillomavirus 
types and p53 mutations in laryngeal carcinomas: is there a reciprocal relationship? European 
Journal of Surgical Oncology 21:290-296. 

(1) Salam M, Rockett J and Morris A (1995). General primer-mediated polymerase chain reaction 
for simultaneous detection and typing of HPV in laryngeal carcinomas. Clinical Otolaryngology 
20:84-88. 



(2) Articles Submitted To A Scientific Journal 

(4) John C. Rockett, Judith E. Schmid, Christopher J. Luft, J. Brian Garges, M. Stacey Ricci, 
Pasquale Patrizio, Norman B. Hecht and David J. Dix. Gene Expression Patterns Associated with 
Infertility in Rodent and Human Models. * An invited submission * 

(3) Roger Ulrich, John C. Rockett, G. Gordon Gibson and Syril Pettit. Evaluating the Effects of 
Methapyrilene and Clofibrate on Hepatic Gene Expression: A Collaboration Between Laboratories 
and a Comparison of Platform and Analytical Approaches. 

(2) Valerie A Baker, Helen M Harries, Jeffrey F Waring, Roger Jolly, Angus de Souza, Judith E 
Schmid, Hong Ni, Roger Brown, Roger G Ulrich and John C. Rockett. Clofibrate-Induced Gene 
Expression Changes in Rat Liver: A Cross-Laboratory Analysis Using Membrane cDNA Arrays. 
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• CI) David Mller, Corrado Spadaifora, David Dix, Adrian Platts, John G Rocicett Stenhen^A 
Krawete Nuclease digestion of sperm chromatin suggests a random distriS of gS s^uences. 

(3) Articles In Preparation For Submission To A Scientific Journal 
strains sensitive and resistant to endocrine disruption by estrogen. 

(2) Sally D.Perrault, John C. Rockett, Laura Fenster James Kp«i«- w«,^t>^vu- • j « 

(1) J. Christopher Luft, Douglas B. Tully, John C Rockett, Judith E. Schmidand 
David J. Dix. Reproductive and genomic effects in testes from mice exposed to the water 
, disinfectant byproduct bromochloroacetic acid , . . •. , 

(4) Book Chapters 

(4) John C Rockett. Gene Microarrays : Applied to Reproductive Toxicology. In Cunningham , 

^^*f''Tl^^ T ° XiCity XeSting > ^ Human p7ess,Totowa.ta 
Preparation. * An invited submission* 

(3) JohD C. Rocken and David J Dix. Gene Expression Networks. In Cooper (ed-iiwhiefl- 
(2) John C. Rockett. The Future of Toxicpgenomics. In Michael Burczynski (edV "An 

oesophageal carcinoma. Peracchia A, Rosati R, Bonavina L, Bona S, Chella B (eds)- Recent 
Advances in Diseases of the Esophagus. Bologna: Monduzzi Editore, pp45-49 (1 996). 

(5) Other Scientific Publications (Letters to Editors; Meeting Reports; Commentaries 

(11) John C Rockett (2003). Probing the nature of microarray-based oligonucleotides. Drug 
Discovery Today 8(9):389. (A Letter To The Editor) * An invited suh^L.* 8 

(1 0) John C. Rockett (2003). To confirm or not to confirm (microarray data) - that is the question 
Drug Discovery Today S(S):343. (A Letter To The Editor) mat, is tne question. 
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• iv (9B) Nazza^pBaljatpn, James L Boyer, and John C. Rockett, (2003). Exploiting Genome Data 
; to Understand the Function, Regulation, and Eyolutipnaiy prigins of lexicologically Relevant V 
' A p^^^. H ^'^spect- Hi((5):87i.5. (A Meeting Report) ' 

.. (9A) Nazzareno Ballatori, James L. Boyer, and John C. Rockett. (2003). Exploiting Genome Data 
! to Unders^d thejuncupn, Regulation and Evolutionary Origins of lexicologically Relevant 
Gea^ % EHP Toxicpge^ • . ; _ ; , v " <; 

^ John C ;i Rockett (2002). Surrogate Tissue Analysis for Monitoring the Degree and' topactof 
• Exposures m Agncultural Workers. AgBiotechNet, 4:1-7 November, ABN 1 00. (A Review Articled 
* An invited submission * , h 

• • •'• '• • ' ',:•■-*-■> • . I- .-• r i-. • <Y.:.. y 

g) i John C. Rockett (2002).'"Macrpresults ^ 

805. (A Meeting Report) s> \ /, 

(6) John C. Rockett (2002). Chip, chip, array! Three, chips for post-genomic research. 0™ 
.Discovery Today, 7(8);458-459. (A Meeting Report) , . . ; r . ." ,. 

(5) 3 ° h ?£; ? °^ ( i 002) - Use of Genomic Data m ^ Assessment. GenomeBiology, 3(4)- 
R^o^O (http://genomehiolo g v. C nm/?nn9n /4/ re p 0 rt s /4m i i%« r „ rA ^ } (A Meet / ng 

(4) John C. Rockett (2001). Genomic and Proteomic Techniques Applied to Reproductive ' 
^Me^iingTeporT^ 2(9)1 402 °' 1 " 402 °' 3 fttto://genQmehi " 1 ^-co m /2nni/?/ 0 /r >T n rte /^on^ 

(3) John C. Rockett (2001). Chipping away at the mystery of drug responses The 
Pharmacogenomics Journal, 1(3);161-163. (A commentary) * An invited submit* 

(2) Rockett, John C. and Dix, David J. (1999),U.S. EPA workshop: Application of DNA arrays to 
Toxicology. Environmental Health Perspectives, 107(8):68 1-685. (A Meeting Report) 

(1) John C. Rockett III (1995). Immune recognition molecules and transforming growth factor 
that™ ° eS ° P CanCCr ' ?h ' D ' th6Si? ' University of Wanvick » Coventry, England.(/>/,.D. • 

( 6) Published Book, Paper and Website reviews 

(9) John C Rockett (2002). A report on the manuscript: Systemic RNAi in C. elegans requires the 

?o?!!IL t ^ membrane Pr ° tein SnM - Winston W* 1 ' Molodowitch C, Hunter CP. Science 2002 
295:2456-2459. Gewo/neBiology. 3(7):reports0034 

http://eenomebiolopv.co m/2002/3/7/reDorts/Q0^4/ 
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(8) John C. Rockett (2001). A report on the manuscript: Generic rescue of an endangered mammal 
; by. cross-species nuclear transfer using post-mortem somatic, cells. P Loi , et al., Nat Biotechnol 
r j 20qi,.l?:962-964. G^wBtology, ; 3(l)3cpoiits0006. •- ,„ ".; ,. w % , ; ~ ' ' 
. ifhtto^/genomebiolo^xom/200im/iCTorts/00Q6^ . ■■ ■". " ". .='''.,. Z'. 

(7) John C. Rockett (2001). A report on the manuscript: Molecular Classification of Human 
. , iCarcinpmas by Use ,of Gene Expression Signahires. ASu.etal.^C^ 61:7388-7393. 
:.- GewomeBiology, 3(4)^0^0005. flitto://genomebiologyxom/2boi73/l/ref iorts/nnn^^ „ 

/ , . (6), John CRockett <200l). A report on the manuscript: Genetic evidence for two species of 

elephant in Africa A Roca^t al., Science. 2001 Aug 24;293(5534): 1473-7. GenomeBiology, 
■; 2(12):reportsOQ45. fhttp://www.ge nomebiologv.com/20Q.l/2/12/reDOrts/004SA . 1; ; 

v .(5) John,C. Rockett (2001). A report on the manuscript: Extensiye : genetic polymorphism in the 
human CYP2B6 gene with impact on expression and function in human liver. T Langet al, ' 
Pharmacogenetics, 2001, 1 1(5):399-415. Ge/io/neBiology, 2(12):reports0044. 
flitto://www.genome bio1o2v.com/2001/2/12/reports/0044/^ : . . 

(4) John C. Rockett (2001). A report on the manuscript: Novel Human Testis-Specific cDNA: 
molecular Cloning, Expression and Immunological Effects of the Recombinant Protein. R 
- Santhanam and R K Naz, Molecular Reproduction and Development 60:1-12 (2001). 
GenomeBiology, 2(1 l):reports0040. , 0irto://genomebiology.co^200 172/1 1 /reports/0040/V 

(3) John C. Rockett (2001). A report on the website: BIND - The Biomolecular Interaction 
Network Database fhttp://www.hinrt caA Geno/neBiology, 2(9): reports201 1 . 
http://www.genomebi6logv.eom/200I/2/9/repoits/2011/ 

(2) John C. Rockett (2001). A report on the manuscript: Exploring the DNA T binding specificities 
of zinc fingers with DNA microarrays. ML Bulyk et nl, Proc Natl Acad Sci USA 2001, 98:7158- 
7163. Ge/ioweBiology, 2(10): reports0032. aittp://genornebiologv.corn/2001/2/10/reports/0032A . 

(1) J Rockett (1996). A Book Review on: "Cell Adhesion and Cancer" (Eds, Hogg N. and Hart I.) 
Clinical Molecular Pathology 49(1 ):M64. * An invited submission* 



(7) Published Abstracts of Poster and Oral Presentations 

(17) Amber K. Goetz, Wenjun Bao, Judith E. Schmid, Carmen Wood, Hongzu Ren, Deborah S. 
Best, Rachel N. Murrell, John C. Rockett, Michael G. Narotsky, Douglas C. Wolf, Douglas B. 
Tully, David J. Dix Gene Expression Profiling in Testis and Liver of Mice to Identify Modes of 
Action of Conazole Toxicities. Society of Toxicology 43 rd Annual Meeting, March 21 s, -25 th , 2004, 
Baltimore, MD, USA. Toxicological Sciences. (Submitted) 

(16) Jane Gallagher, Theresa Lehman, Ramakrishna Modali, Scott Rhoney, Marien Clas, Jeff 
Inmon, John C. Rockett, David Dix, Cindy Mamay, Suzanne Fenton, Suzanne McMaster, Stan 
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Barone Jr.tfaulme Mehdolaand Reeder Sanis. Validation of Non-Mvasive Biological Samples- 
*ilot Projects Relevant to the National Children Study: Society of Toxicology 43*Anmial Meetine. 
MarchSl^S*. 2004," Baltimore, MD, USA. Toxicologic* Sciences. (Submitted) 

i ■ 3 P^a^thi, J ; C.Rocke^ M; Ouyang, D.J. DW^Hdw^^^^ 
.Welsh and D. E. Wildt Gene Expression In The Testis Of NormospehnicrVersus Teratospermic 
.Domestic Cats Usmg Human cDNAMicfoarray Analyses. Society for'the Study of Reproduction 
,3^^ Meetmg, July 19*-22» d , 2003; Cincinnati, OH, USA. Biology ofReproduTtion 68 (Supp 

(14) David J. Dix and John C. Rockett (2003). Genomic and Proteomic Analysis of Surrogate 
Tissues for Assessing Toxic Exposures and Disease States. Innovation in Applied Toxicology 
symposium entitled "Genomic and Proteomic Analysis of Surrogate Tissues for Assessing Toxic 
Exposures and Disease States". Society of Toxicology 42 nd Annual Meeting, March 9 th - 13 th 2003 
Salt Lake City, UT, USA. Toxicological Sciences 72(S-1):276. ' ^' 

(13) John C. Rockett Chad R. Blystone, Amber K. Goetz, Rachel N. Murrell, Judith E. Schmid 
and David J. Dix. (2003). Gene Expression Profiling Of Accessible Surrogate Tissues To Monitor 
Molecular Changes In Inaccessible Target Tissues Following Toxicant Exposure. Innovations in 
Applied Toxicology Symposium entitled "Genomic and Proteomic Analysis of Surrogate Tissues 
for Assessing Toxic Exposures and Disease States". Society of Toxicology 42 nd Annual Meetine 
March 9*-13« h , 2003, Salt Lake City, UT, USA. Topological Sciences 72(S-1):2^ 

n^li**?- TUlIy ' J> Christ °P her Luft » John c - R°<*ett, Judy E. Schmid and David J. Dix 
(2002). Effects on gene expression in testes from adult male mice exposed to the water disinfectant 
TnnST,, CWOr0a ?f C f Cid : Society for the Study of Reproduction 35'" Annual Meeting, July 
28-31, 2002, Baltimore, Maryland, USA. Biology of Reproduction 66 (Supp 1):223. 

i! J * E l™ ompson > John C- Rwkett, Judith E. Schmid, Robert J. Goodrich, 

David Miller, G. Charles Ostermeier and Stephen A. Kxawetz (2002). Testis and spermatazola RNA 
^nnfnT ^ ^Society for the Study of Reproduction 35'" Annual Meeting, July 28- 
31, 2002, Baltimore, Maryland, USA. Biology of Reproduction 66 (Supp 1 ): 1 94. 

(10) Asa J Oudes, John C. Rockett, David J. Dix and Kwan Hee Kim (2002). Identification of 
retmoic acid induced genes in mouse testis by cDNA microarray analysis. 27 th Annual Meeting of 
the American Society ofAndrology, 4/24-27/02. J. Andrology Supplement March/April. 

v- i° h c «r R ° Cket i £° b 7 J ' KaVl0Ck ' L^Wght, Louise G. Parks, Judith E. Schmid, 

Vickie S. Wilson and David J. Dix (2002). Use of DNA arrays to monitor gene expression in blood 
and uterus from Long-Evans rats following 1 7-0-estradiol exposure - a new approach to 

ArTr?,?™' disrupting chemicals using surrogate tissues. Toxicological Sciences 66(1)- 
Abstract No. 1388. Jm 

(8) David J. Dix and John C. Rockett (2002). Genomic analysis of the testicular toxicity of 
haloacetic acids. Platform presentation at the symposium, "Defining the cellular and molecular 
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mechanisms of toxicant action in the testis". Toxicological Science 66 (1): Abstract No.848. 

(7) JC Rockett, JC Luft, JB Garges and DJ Dix (2001). The reproductive effects of the water 
disinfectant byproduct bromochloroacetate on juvenile and adult male mice. Toxicolozical 
Sciences, 60 (1):250. * 

(6) Tarka DK, Klinefelter GR, Rockett JC, Suarez JD, Roberts NL and Rogers JM (2001) Effect 
of gestational expsore to ethane dimethane sulfonate (EDS), bromochloroacetic acid (BCA) and 
molmate on reproductive function in CD-I male mice. Toxicological Sciences, 60 (1):250. 

(5) Garges JB, Rockett JC and Dix DJ (2001). Developmental and reproductive phenotype of mice 
ackmg stresS R mducible 70 kDaheat shock proteins (Hsp70s). Toxicological SciencTmi)^ 
(4) D Dix, J Rockett, J Luft, J Garges, M Ricci, P Patrizio and N Hecht (2000) Using DNA 
microarrays to charactense gene expression in testes of fertile and infertile humans and mice 
Biology of Reproduction, 62 (sl);227. 

(3) J Luft, J B Garges, J Rockett and D Dix (2000). Male reproductive toxicity of 
bromochloroacetic acid in mice. Biology of Reproduction, 62 (sl);246. 

(2) Rockett, JC, Garges, JB and Dix, DJ (2000). A single heat-shock of juvenile male mice causes 
a long-term decrease m fertility and reduces embryo quality. Toxicological Sciences 54 (1):365. 

(1) JC Rockett, SJ Darnton, J Crocker, HR Matthews and AG Morris (1 994) Major 
Histocompatability (MHC) class I and U. and intercellular adhesion molecule (ICAM)-1 expression 
in oesophageal carcinoma (OC). Immunology 83 (sl) 64 expression 



(8) Invited Oral Presentations 



(10) John C. Rockett and Gary M Hellmann. To confirm or not to confirm (microarray data) - 

tZX q ^: ™!S EERL Genomics - Proteomics C ~' ™ 

Surrogate Tissue Analysts . Seminar for Division of Epidemiology, Statistics and Prevention 
Research, National Institute of Child Health and Development, May 29 th , 2003, Rockville, MD, 

vli°v?» ' R ° Cl 5 e o ' l G ' n ° miCS andProet °™^ New Toxicity Testing". Platform presentation at 
GA USA Assessors Annual Conference, April 28 th - May 2 nd , 2003, Stone Mountain, 

(7) John C. Rockett, Chad R. Blystone, Amber K. Goetz, Rachel N. Murrell, Judith E. Schmid and 
David J. Dix Gene Expression Profiling Of Accessible Surrogate Tissues To Monitor Molecular 
Changes in Inaccessible Target Tissues Following Toxicant Exposure." Platform presentation at 
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SoT 42 nd Annual Meeting symposium entitled "Genomic and Proteomic Analysis of Surrogate 
Tissues for Measuring Toxic Exposures and Drug Action", March 9*-13* § 2003 Salt Lake Citv 
UT, USA. ' * 



(6) John C. Rockett. "A Toxicogenomic Approach to Surrogate Tissue Analysis" '. Seminar for 
Department of Environmental and Molecular Toxicology, North Carolina State University 
September 3™ 2002, Raleigh, NC USAk, ; rr 

(5) John C. Rockett. "Differential gene expression in toxicology, practicalities, problems and 
potential". Platform presentation at T Annual Mount Desert Island Biological Laboratory 
Environmental Health Sciences Symposium:, Exploiting Genome Data to Understand the Function 
Regulation and Evolutionary Origins ofToxicologically Relevant Genes, July 10*- 1 1*, 2002 
Salisbury Cove, Maine, USA. , , , „ ' 

(4) John C. Rockett, Leroy Folmar, Michael J. Hemmer and David J. Dix. "Arrays for 
biomonitoring environmental and reproductive toxicology". Platform Presentation at Macroresults 
Through Microarrays 3 -Advancing Drug Development, April 29*-May 1 st , 2002, Boston, MA, 
USA. 

(3) John C. Rockett, Sigmund Degitz, Suzanne E. Fenton, Leroy Folmar, Michael J. Hemmer Joe 
E Tietge, and David J. Dix. "Use of DNA. Arrays in Environmental Toxicology". Platform 
presentation at the / Annual Lab-on-a-Chip and Microarrays for Post-Genomic Applications 
meeting, January 14 -16 w , 2002, Zurich, Switzerland. 

(2) John C. Rockett. "DNA Arrays". Seminar at EPA Molecular Biology Course April 8 th 1999 
USEPA,RTP,NC,USA. P ' ' 

(1) John C. Rockett "Contract Services for Array Applications". Seminar at the Triangle Array 
Users Group, May 1 , 1 999, CUT, RTP, NC, USA. 



(9) Other Poster and Oral Presentations 

(23) John C. Rockett, Wenjun Bao, Chad R. Blystone, Amber K. Goetz, Rachel N. Murrell, 
Hongzu Ren, Judith E. Schmid, Jessica Stapelfeldt, Lillian F. Strader, Kary E. Thompson and David 
J. Dix. Genomic Analysis of Surrogate Tissues for Assessing Environmental Exposures and Future 
Disease States. ILSI-HESI meeting: Toxicogenomics in Risk Assessment - Assessing the Utility 
Challenges, and Next Steps. June 5^-6^, 2003, Fairfax, VA, USA. 

(22) John C. Rockett, Wenjun Bao, Chad R. Blystone, Amber K. Goetz , Rachel N. Murrell 
Hongzu Ren, Judith E. Schmid, Jessica Stapelfeldt, Lillian F. Strader, Kary E. Thompson and David 
J. Dix. Genomic Analysis of Surrogate Tissues for Assessing Environmental Exposures and Future 
Disease States. EPA Science Forum, May S^ 01 , 2003, Washington, D.C., USA. 
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(21) Germaine Buck, Courtney Johnson,' Joseph Stanford, Anne SWeraey/Laura Schieve, John 
Rockett, Sherry Selevan and Steve Schrader. Prospective Pregnancy Study Designs for Assessing 
Reproductivexand Developmental Toxicants. American Epidemiology Society Meeting, March 27 - 
28 , 2003, Atlanta, GA, USA. f r 1 

(20) John C Rockett, Chad R. Blystone,. Amber. K. Gpetz, Rachel N. Murrell, Hongru Ren, Judith 
E. SchmicL Jessica Stapelfeldt, Lillian F. Strader, Kary E. Thompson, Doug B. Tully, Paul Zigas 
and David J. Dix. Genomic Analysis of Surrogate Tissues for Assessing Environmental Exposures 
and Future Disease States. National Children's Study Assembly Meeting, December 16*-18 , 2002, 
Baltimore, MD, USA. . 

(19) John Rockett. The Use of Gene Expression Profiling to Detect Early Biomarkers of Adverse 
Effects Prior to Clinical manifestation. National Children s Study: Meeting of EPA Project Leaders 
-Methods Development Projects. November 20 th , 2002, USEPA, RTP, NC, USA. (Oral 
Presentation) 

(18) GC Ostermeier, RJ Goodrich, K Thompson, J Rockett, 1 MP Diamond, K Collins, NICHD 
Reproductive Medicine Network, DJ. Dix, D Miller and SA Krawetz; Defining the spermatozoal 
RNA population in normal fertile men. American Society of Reproductive Medicine October 12-17, 
2002, Seattle, WA, USA. 



(17) G. Charles Ostermeier, Robert J. Goodrich, Kary Thompson, John Rockett, Michael P. 
Diamond, Karen Collins, NICHD Reproductive Medicine Network, David J. Dix, David Miller and 
Stephen A. Krawetz. RNAs isolated from ejaculate spermatozoa provide a noninvasive means to 
investigate testicular gene expression. Gordon Conference on Mammalian Gametogenesis & 
Embryogenesis, June SO^-July 5 th , Connecticut College, New London, CT, USA. 

(16) David Dix, John Rockett, Judith Schmid, Lillian Strader, Douglas Tully. Genomic analysis of 
testicular toxicity. USEPA/NHEERL/RTD Peer Review, October 22 nd , 2001 , RTP, NC, USA. 

(15) David Dix, John Rockett, Judith Schmid, Douglas Tully. Monitoring human reproductive 
health and development through gene expression profiling. USEPA/NHEERL/RTD Peer Review 
October 22 nd , 2001 , RTP, NC, USA. 

(14) Patrizio P, NHecht, J Rockett, J Schmid and D Dix (2001). DNA microarrays to study gene 
expression profiles in testis of fertile and infertile men. 57th Annual Meeting of the American 
Society for Reproductive Medicine, October 20*-25 th , 2001, Orlando, FL, USA. 

(13) Jimmy L. Spearow, Dale Morris, Uland Wong, Rashid Altafi, Saeed Eteiwi, Mark Stanford, 
Trevor Stearns, Lorena Orozio, Angela Chen, John Rockett, Douglas Tully, David Dix and 
Marylynn Barkley. Genetic Variation In Susceptibility To The Disruption Of Testicular 
Development And Gene Expression By Pubertal Exposure To Estrogenic Agents. Third Annual - 
University of California at Davis Conference for Environmental Health Scientists, Disruption of 
Developing Systems and Advances in Therapeutic Approaches August 27 th , 2001, UC Davis CA 
USA. 
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(12) Tarka DK, Klinefelter GR, Rockett JC, Suarez JD, Roberts NL and Rogers JM (2001). Effect 
of gestational expsore to ethane dimethane sulfonate (EDS), bromochloroacetic acid (BCA) and 
molinate on. reproductive function in OM male mice. North Carolina Society of Toxicology Winter 

(11) David Dix, John Rockett, I^y Fomiar, Michael, fifeiiimer, si'gmund Degitz, and Joseph 
Tietge (2001). Biomonitoring the Toxicogenomic Response to Endocrine Disrupting Chemicals in 
Humans, Laboratory Species and Wildlife.. ., US, - Japan International Workshop for Endocrine 
Disrupting C*emjca/$, February 28 -March 3 rd , 2001, Tsukuba, Japan. 

(10) John C. Rockett, Faye L. Mapp, J. Brian Garges, J. Christopher Luft, Chisato Mori and David 
J Dix David Dix (2001). The effects of hyperthermia on spermatogenesis, apoptosis, gene 
expression and fertility in adult male mice. Triangle Consortium for Reproductive Biology Annual 
Meeting, January 27 th , 2001 , RTP, NC, USA. 

(9) Gangolli E, Dix.DJ, GargesJ B, Rockett, JC and Idzerda RL (2000). Testosterone Regulation ; 
of Sertoli Cell genes. //' International Congress of Endocrinology; October 29*-November 2 nd 
2000, Sydney, Australia. . . 

(8) J Rockett, J Luft, J Garges, M Ricci, P Patrizio, N Hecht and D Dix (2000). Using DNA 
microarrays to characterise gene expression in testes of fertile and infertile humans and mice. 
Functional Genomics & Microarray Data Mining, August 3*-4iti h 2000, Durham, NC, USA. 

(7) Rockett JC, S Ricci, P Patrizio, NB Hecht, JB Garges and DJ Dix (2000). Gene Expression in 
the Mammalian Testis. .5 NHEERL Symposium, June 6^-8*, .2000, RTP, NC, USA. 

(6) J Luft, J B Garges, J Rockett and D Dix (2000). Male reproductive toxicity of 
bromochloroacetic acid in mice. 2000 NIEHS/NTA Biomedical Science and Career Fair Aoril 28 th 
2000, RTP, NC, USA. ' p 

(5) Rockett JC„S Ricci, P.Patrizio, NB Hecht, JB Garges and DJ Dix (2000). Gene Expression in 
the Mammalian Testis. Molecular Toxicology, Toxicogenomics and Associated Bioinformatics 
Applied to Drug Discovery meeting, January 1 1 th - 15 th , 2000,Santa Fe,NM, USA. 

(4) JC Rockett and DJ Dix (1999). Development of DNA arrays for the analysis of testis-expressed 
genes in humans and mice. The 8th Annual National Health and Environmental Effects Research 
Laboratory Open House. November 2 nd -3 rt , 1 999, RTP, NC, USA. 

(3) JC Rockett, DJ Esdaile and GG Gibson (1997). Molecular profiling of non-genotoxic 
carcinogenesis using differential display reverse transcription polymerase chain reaction (ddRT- 
PCR). The British Toxicology Society Annual Meeting, April 19 th -22 nd , 1998, University of Surrey 
Guildford, Surrey, England. 

(2) JC Rockett, DJ Esdaile and GG Gibson (1997). Molecular profiling of non-genotoxic 
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carcinogenesis using differential display reverse transcription polymerase chain reaction (ddRT- 
PCR). Poster presentation at Symposium ion Drug Metabolism: Towards the next Millennium. 

(l)JRocke^SDra^ Major Histocompatibility Complex 

(MHG) class Land II and Intercellular,Adhesion Molecule (ICAM)-1 expression in oesophageal 
carcinoma. Oral presentation at The 6th World Congress of the International Society for Diseases of 
the Esophagus, August a^-2d* f 1^5;Mlan, -Italy. 
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the arrays and hybridisation process to 
be tested. Sampjes from the microti^ 
plate were pnnted onto glau micrweope 
slides in an area measuring 3.5 mm byTs 
l.k W1 / C ^^ e rf a hi 8h-.peed arraying 

cheir. {3) a myi wm P«es»edbf 
chemical and heat treatment to attach the 
DNA sequences to the glass surface and 
denature them (3). Three array,, pri„'3 
m 8 "^' e lot. were used for the expert- 
rnent. here. A single microtiter plate of 
PCR products provides sufficient material 
to print at least 500 arrays. 

^JfTST" prob ? *«* Prepared from 
wal Arafadopsu mRNA by a ^ 

tefal L'SoT trarUCTlption («• The Am. 
3 mR NA was supplemented with hu- 
man acetylcholine receptor (AChR) mRNA 
at a dilution of 1 : 10,000 (w/w) before cDNA 
synthesis, to provide an internal standard for 

ffc" ™ ( ! } - ™ e ~ ulti «8 1uo«cend y 
labeled cDNA mixture was hybridised to m 
«ny at high stringency (6) and scanned 

407 



with a bier (3). A highrcensiavity scan gave 
signals that saturated die detector at nearly 
afl of die Arabidopsis target sites (Fig. 1A). 
Calibration relative to the AChR mRNA 
«aodaid (Rg. 1A) established a sensitivity 
limit of -1:50000. No detectable hybridisa- 
tion was observed to either die rat glucocor- 
ticoid receptor (Rg. 1A) or the yeast TRP4 
(fig. 1A) cargeo even at the highest scan- 
ning sensitivity. A moderate-aensitivity scan 



of the same array allowed linear detection of 
the more abundant transcripts (Fig. IB). 
Oiantttation of both scans revealed a range 
of expression levels spanning three orders of 
o^niojde for the 45 genes tested (Table 2). 
ruxA otoo (7) for several genes (Rg. 2) 
cn ™°* UJtted the expression levels measured 
with the microarray to within a factor of 5 
(Table 2). 

Differential gene expression was investi- 



A High sensitivity 

«2345C769 10 



n .« mm B Moderate sensitivity 

° " »2 « 2 3, « S 6 7 6 9 10 11 « 

■ * o C* C - 



c ■ * C P 



> 1:3,000 



^ 1 mm h ° ° * 

1:10.000 l:SO,000 ►iSr/"" 3- ™ K2 

Expression level (w/w) 



□ 
1:10.000 



C Wild type 

1 2 3 4 S G 7 C 9 10 11 t2 



D HATJ transgenic 

1 2 3 0 5 6 7 6 9 to 11 12 



o o - r o a r> 



<23flS6769l0 



g a o 



F Leaf tissue 

' 2 3 0 5 6 7 6 9 10 11 12 



£Med with a sinudtaneous. twtxobr hyv 
bndtxaoon scheme, which served to mini. 
muc «Pcnmental variation inherent m the 
fonpanson of tndef>endent kybri&rarfoaa, 
^«cent probe, were prepared from two 
mRN A sources with die use of reverse tran- 
scriptase in the presence of fluorescein- and 
kamine-labeled nucleotide analogs re- 
spectively (J). The two probes were then 
mixed together in equal proportions, hy- . 
bndued to a single array, and scanned sep- 
arately for fluorescein and lissamine emis- 
sion after independent excitation of the two 
fluorophores (3). 

To test whether overexpression of a sin- 
gle gene could be detected in a pool of total 
Arabuiopsis mRNA, we used a microarray to 
analyze a transgenic line overexpressing the 
single transcription factor HAT* (8). Fluo- 

^?2L Pr °^L 1 ?? n * cnt ™Z mRNA from 
wdd-type and HAT^transgenic plants were 
labeled with fluorescein and lissamine, re- 
spectively; the two probes were then mixed 
and hybridized to a single array. An intense 
hybridization signal was observed at the 
position of the HAT« cDNA in the lissa- 
mine-specific scan (Fig. ID), but not in the 
!L uore f^, m ^Pf cific »can of the same array 
(Fig. 1C). Calibration with AChR mRNA 
added to the fluorescein and lissamine 

f , a^J???* 1 " reactions " dilutions of 
1:10,000 (Fig. 1C) and 1:100 (Fig. ID), 
restively revealed a 50-foId elevation of 
«A74 mRNA in the transgenic line rela- 

( I able 2). This magnitude of HAT* over- 
expression matched that inferred from the 
Northern (RNA) analysis within a factor of 
2 (Fig. 2 and Table 2). Expression of all the 
other genes monitored on the array differed 
by less than a factor of 5 between HAT*, 
transgenic and wild-type plants (F(g 1, C 



O O o c - s 



^ ' fee. 



9 / ** _ 0 



1:10.000 



FHj.1. Gene expression monrtc^wim the use 

paeutocdor correspond to hyt>rxtatjon Wansiba*^^^ represented in 

with the i» of Known corcenua^ 

tetters cntr*e»rr*££e^ 

with fiuoresce^abeled cONKoa^^ 

from wid-type plants and fesanwvMabeied iwiw ! ll mtxture °* flu0rBSCer> ' »abeted cDNA 
tr^ecar^sic^^ The single array was 

Ptents <Q end^SZ *race^^ 

F)As^ anay was probed wtthe iTrrXeVf^^ » 

fcx^esce^fiuaescancecc^ successively to delect the 

«*rorx*K*noto 



466 



SCIENCE • VOL 270 • 20 OCTOBER 1995 



Wldtypt 



HAT4t 



CAB! 



HAT4 



ROC1 





0.1 0.01 lo 0.1 0.01 
mRNA dig) 



Human 
AChR 



20 2J0 0^ 
mRNA<rta) 

Rg. 2. Gene expression monitored with RNA 
(Northern) blot analysis. Designated omounts of 
mRNA from wild-type and H4 ^-transgenic 
Plants were spotted onto nylon membranes and 
probed with the cONAs indicated. Purified human 
AChR mRNA was used for calibration. 



and D, and Table 2). Hybridization of flu. 
ococein-labeled glucocorticoid receptor 
cDNA (Fig. 1C) and li*anur*-Ubcled 
^cDNA (Fig. ID) verified the preZ 
cnce of die negative control targets and the 
jack of optical cross talk between the two 
fruorophores. 

To explore a more complex alteration in 
expression patterns, we performed a second 
two-color hybridization experiment with 
fluorescein, and lissanune-labeled probes 
prepared from root and leafmRNA, respec- 
tively. The scanning sensitivities for die 
two fiuorophorcs were normalized by 
matching the signals resulting from AChR 



rnRNA, which was added to both cDNA 
syruhest, reactions at a dilution of 1:1000 
(fig. 1, E and F). A comparison of the scans 
revealed widespread differences in gene ex. 
^ion between root and leaf tissue (Fig. 1, 

iated CABi gene was -5QWbld more abun- 
dannn leaf (Fig. IF) than in root tissue 

I* f \P* Cxprcssion <* 26 other genes 
differed between root and leaf tissue by 
™« *m » ■ fector of 5 (Fig. 1. E and F) 

1 he ^T^transgeruc line we examined 
has elongated hypocotyls, eariy flowering, 

f^^^u^ ^ 8llcrcd P^ntatic; 
iS). Although changes in expression were 
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AChR 
ES73 
ESTB 
AAC1 
EST12 
EST13 
CABI 
EST17 
GA4 
EST19 
GBF-1 
ES723 
EST29 
GBF-2 
EST34 
EST35 
EST41 
rGR 
EST42 
EST45 
HAT1 
EST46 
EST49 
HAT2 
HAT4 
EST50 
HATS 
EST51 
HA722 
EST52 
EST39 
KNAT1 
EST60 
E5T69 
PRH1 
EST70 
EST75 
EST 78 
ROCl 
ESTB2 
ESTB3 
E5T84 
EST91 
EST96 
SARI 
EST100 
EST103 
TRR4 



Human AChR 
Acth 

NADH cferrycVooenase 

Actini 

Unknown 

Actin 

gntoropny I bindng 
Phosptxjglycerate kinase 
Gtoberefiic acid biosynthesis 
Unknown 

G-box binding factor 1 
Bongation factor 
Aldolase 

binding factor 2 
Chloropiast protease 
Unknown 



Rat glucocorticoid receptor 

Unknown 
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Ught harvesting comptex 
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GTP binding 
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Ught harvesting comptex 
Light harvesting comptex 
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observed for HAT*, large chance, to «. 

™ w j7 torn we examined. Thii was 
somewhat surprising, pattfaibriy oecmuse 
comparative analysis of leaf and root tissue 
JewrfW I 27 dirWulJy expres^ 
Analyiu of an expanded set of genet nay be 
«>u««i ro identify genes whose expwrion 
change, upon HAT4 overexpreBion; alter- 
natively, a comparison of mRNA populs- 
twns from specific tissues of wild-type and 
^T4-ttansgenic plants may allow identi- 
fication of downstream genes. 

At the current density of robotic print™, 
it .s feasible » scale up the fabricarLpnt 
cess to produce arrays containing 20,000 
ow At this aenrit^I^ ^ 
would be sufficient to provide g^pectf c 
careers encoinpassrng nearly the entire rep- 
enoire ^expressed genes in the ArafciW, 
fenome (2). The availability of 20274 ESTs 
from Arntidpprii (i, 9) would provide a rich 
•ouree of templates for such studies. 

The estimated 100,000 genes in the hu- 
««2Jenome (iO) exceeds the number of 
Anrfwkpsu genes by a factor of 5 (2). This 
mo ** t "*rcase in complexity suggests that 
«m'l« cDNA microarray,, ^epSed £ 

»T« (/). could be used to determine the 
expression patterns of tent of thousands of 
human genes in diverse cell types. Coupons 
an amplification strategy to the reverb 
transcnpr.on reaction (if) could make it 
feasible to monitor expression even in 
nunute tissue samples. A wide variety of 
acute and chronic physiological and patho- 
logical condition! might lead to character. 
«ic changes in the patterns of gene expres- 
•■on in peripheral blood cells or other easily 
sampled tissues. In concert with cDNA mi- 
croanays for monitoring complex expres- 
sion patterns, these tissues might there/ore 
serve as sensitive in vivo sensors for clinical 
diagnosis. Microamrys of cDNAs could thus 
prov.de a useful link between human «ne 
sequences and clinical medicine. 

Table 2. Gene expression morwomg by rticroar. 
wy and \MA btt anaiyses; tfl. ^V?-^^ 
See Tabie 1 tof addiUonal gene rrtorrrBton^.' 

ofto^amo^ of human ACWmRNW.Va)I« 
torthe rnaoarmy ware Oelenrmed trom rrstW 
scans (Fig. n: vakjes to ihe bWw« 
determined from RNA blots (Fig 2) 



Gene 


Expression Itr 
Microarray 


RNA blot 


CAB 
CABltlQ) 
HAT 4 
HAT 4 (tg) 
ROCl 
flOCrftg) 


1:48 

1:120 

1^300 

1:150 

1:1200 

1260 


1:63 

1:1S0 

1.-6300 

1210 

1:1800 

1:1300 
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Gene Therapy in Peripheral Blood 
Lymphocytes and Bone Marrow for 
ADA Immunodeficient Patients 

Claudio Bordignon/ Luigi D. Notarangelo, Nadia Nobili 
Giuhana Ferrari, Giulia Casorati, Paola Panina EveKna MSolari, 
Oamela Maggioni, Claudia Rossi, Paolo Servida ' 
Alberto G. Ugazio, Fulvio Mavilio 

^ a ™ a » <ADA) def«iency results in severe combined Immunodeficiencv 
I^^£!^ t,C d,SOrtter t ^ed by gene therapy. Two dWerent m^^^S^ 
\^JZZT eTeX ^ the human ^ "^iflene into bone marw^^J^o^i 
* { ™Vr* hOCyXeS from ^ undergoing ex^erx.us^^TD^rr^^ 

Bpy.After2 y earB0ftreatmem,^ 

and granulocytes expressing the transferred ADA oene w» rCu^^^I^ ^ 



Severe combined immunodeficiency asso- 
ciated with inherited -deficiency of ADA 
(J) is usually fatal unless affected children 
are kept in protective isolation or the im- 
mune system is reconstituted by bone mar- 
row transplantation from a human leuko- 
cyte antigen (HLA)-identical sibling donor 
U). Thii is the therapy of choice, although 
tt is available only for a minoriry of patients. 
In recent yean, other forms of therapy have 
been developed, including transplants from 
haploidentical donors (3, 4), exogenous en- 
lyme replacement (5), and somatic-cell 
gene therapy (6-9). 

We previously reported a preclinical mod- 
el in which ADA gene transfer and expression 

C Bordfcnon, N. Noba. G. Ferrari. D. Maggoni. C. Rossi, 

tar Genetic Ojaaaaas. DtBTT, btituto Sdentifco H. S. Raf- 
taete. Maw Italy. 

L °* N ° J** ' tf*> ' MazzDtari. A. G. Ugazio, Depart- 
meni of Padatrics, Lfrwanvty of Brasca Meowed School. 
Breada. ttafy. 

G. Caaomi. Unfta a tmn m octiini u . DtBTT, btituto S6- 

antiacoKS.Refteele ( Mlan.lta)y. 

P. Panina, Roche Maano Rcerche. MUan. ttafy. 

'To v>hom coriaAOJiiiancB «notirj ha ^vi^^ 
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successfully restored immune functions in hu- 
man ADA-deficient (ADA") peripheral 
blood lymphocytes (PBLs) in ramunodefi. 
cient mice in vivo (JO, J J J. On the basis of 
these preclinical results, rhe dinical applica- 
tion of gene therapy for the treatment of 
ADA" SOD (severe combined tamunodeft- 
ciency disease) patients who previously railed 
exogenous enzyme replacement therapy was 
approved by our Imrituaonal Ethical Com- 
mittees and by the Italian National Commit- 
tee for Bioethics {12), In addition to evaluat- 
ing the safety and efficacy of the gene therapy 
procedure, the aim of the study was to define 
the relative role of PBLs and hematopoietic 
stem cells in the long-term reconstitudon of 
immune functions after retroviral vector-me- 
diated ADA gene transfer. For this purpose, 
two structurally identical vectors expressing 
the human ADA complemenrary DNA 
(cDNA), distinguishable by the presence of 
alternative restriction sites in a nairwctional 
region of the viral loru^terminal repeat 
(LTR), were used to transduce PBLs and bone 
marrow (BM) cells independendy. This pro- 
cedure allowed identification of the origin of 
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Differential gene expression in drug metabolism and 
^toxicology: practicalities, problems and potential 

JOHN C. ROCKETTt, DAVID j: ESDAILE1 
yuand G. GORDON GIBSON* 

V^EZSna^ 8 *** ° f Bi ° l0giCal ^ersity of Surrey, 

r . Received January 8, 1999 

*- -oenL -3°?? featu " °{i he WOrk ofmai, y nK>lecular biologists is identifying which 

perhaps becoming confused by the mountain of information available as there aSw be 
gtu^m^ 

ana LT^ S of ^i™'™ wa * t0 clarify the main methods of differential gene expression 

3. The use of -suppression-PCR subtractive hybridization is exemolified in th* 

m icJn,?5Y ential 8 /? C d * P * y provides 3 coherent P 1 ** 0 "" building libraries and 
charactenzanon of xenobiotics of unknown biological properties ,dCntlficatl0n md 

Introduction 

nenl iS t n °J aPP3rent * e develo P ment of almost all cancers and many non- 
neoplastic leases are accompanied by altered gene expression in the affected cells 
compared to ^ their normal state (Hunter 1991, Wynford -Thomas 1991, Vogelstdn 
and Kmzler 1993, Semenza 1994, Cassidy 1995, Kl«^„dV«nH«B^nBS9S? 
Such changes also occur m response to external stimuli such as pathogenic micro- 

998 Z ^tT- ( TV' f 1995 ' °° gra « ° L 1998 > Ramana ™* Kohl 
1998), as well as during the development of undifferentiated cells (Hecht 1998 

Rudin and Thompson 1998, Schneider-Maunoury et al. 1998). The potential' 

medical and therapeutic benefits of understanding the molecular change wh £h 

occur in any given eel 1 in progressing from the normal to the 'altered' state are 

enormous. Such profil ing essentially provides a 'fingerprint' of each step of a 

• Author for correspondence; e-mail: g.gibson@surrey.ac.uk 

Effect ErS*; I^Sorawry RrorS^^^T 011 J?^' Health » d Environmental 

USA. ra uaborator y. Reproductive Toxicology Dmsion, Research Triangle Park, NC 27711, 

t Rhone-Poulenc Agrochemicals, Toxicology Department, Sophia-Amipolis, Nice, France 



> 



656 J.C. JtodErretal 



cell s development or response and should help in the elucidation of specific and 
sensitive bjomarkers representing, for example, different types of cancerX previous 
exposure to certain classes ofchemicals that are enzyme inducers ^ F 
^ _ In drug metabolism,, many of the xenobiotic-metabolizing enzymes i(including 
the weU-charactenz^d isoforms of cytochrome P450) are^inducible by drugs and 
chemicals in man (Pelkonen et al 1998), predominantly involving transcriptional 
.activation of not only . the cognate cytochrome P450 genes- but additional cellular 
proteins which may^crucial to the phenomenon; of induction Accordingly, Z 
developm^t of methodology to identify and assess the full complement^ of genes 
tiiat are either up- or down-regulated by inducers are crudal m the develOpmentTf 
knowledge to understand the precise molecular mechanisms of enzyme induction 
,and.ho^)this relates to drug action. Similarly, in the field of ch^ 
.toxicity, it is nowrbecommg increasingly obvious- that most adverse reactions to 
drugs and chemicals are the result.of multiple gerieTegulation, : some-of which are 
causal and some of which are casually. related to the toxicological pheribmenon /«r 

> wn,™rrtTK haS £d 1° 3n UPSUTge in iritereSt ih ^ ^^Hng t,chnol6 g 1eI 
which dtferentiate between the control and. toxin -treated gene pools intargettiss^es 
landis therefore, ofval^ 

induced toxiaty. Knowledge of toxin-dependent gene regulation in target tissues I 
not solely an academic pursuit as much interest, has been generated , in ^ie 
pharmaceutical industry to harness this technology inthe early identification of toxic 
drug ^ candidate, ; thereby shortening the developmental process and contnbuti^ 
substantially to the safety assessment of new drugs. For example, if the gene profik 
m response to saya testicular toxin that has been well-characterized in tLcouW be 
determined in the testis then this profile would be representative of all new drug 
candidates which act via this specific molecular mechanism of toxicity, thereby 
providing a usefuUnd coherent approach to the early detection of such toxic^te 
Whereas it would be Normative. to know the identity and functionality -of all &nes 

minriW h y SU l h t0XICamS ' tHiS W ° uld 3 PP £ar 3 lon ^ term goal,^ the 

majority of human genes have not yet been sequenced, far less their functionality 
determined. However, the current use of gene profiling yields a pattern of gene 
changes for * i xenobiotic of unknown toxicity which may be matched to that of LlU 
characterized toxins, thus alerting, the toxicologic to possible m vivo similarities 
between the. unknown and the standard, thereby providing a platform for more 
extensive toxicological . examination. Such approaches are beginning to 
momentum, in that several biotechnology compares are commercially ^rodudng 

v?n^ ,PS ^ 8 T- an * y " th3t may b£ interro g a *d for toxicity assessment of 
xenobiotics. These chips consist of hundreds/thousands of genes, some of which are 
degenerate in the sense that not all of the genes are mechanistically-related to any 
onetoacological phenomenon Whereas these chips are useful in broad -spectrum 
screening, they are maturing at a substantia] rate, in that gene arrays are now 
becoming more.specific, e.g. chips for the identification of changes in growth factor 
neTplSas ' C ° ntnt5Ute t0 the aetiol °^ and development of chemically-induced 

Although documenting and explaining these genetic changes presents a 
formidable obstacle to understanding the different mechanisms of development and 
disease progression, the technology is now available to begin attempting this difficult 
challenge; ^^ed, several 'differential expression analysis' methol have be** 
developed which facilitate the identification of gene products that demons^ 
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altered expression in cells of one population compared to another. These methods 
have been used to identify.differential gene expression in many situations, including 
invading pathogenic microbes (Zhao et al. 1 998), in cells responding to extracellular 
and intracellular microbial invasion (Duguid andrDinauer,1990, Ragno al 1997 
MaldareUi et al. 1998), in chemically treated cells (Syed^r a/. 1997, Rocketi et al 
1999), neoplastic ; cells (Liang et al. mi, Chang and . Terzaghi-Howe 1998)," 
8 ; i V o a oi n (Gurska y a « <*- 1996, Wan et al. 1996), differentiated cells (Hara * 
al. 1991, Guimaraes et al. 1995a, b), and different cell types (Davis et al 1984 
Hednck et al. 1984 Xhu et al. 1998), Although differed expression nalyst* 
technologies are applicable to a broad range*! models, perhaps their most impomm 
advantage is that m most cases, absolutely no prior knowledge of the specific genes 
which are up- or down-regulated is required. 

The field of differential expression, analysis^ * large and complex one, with 
many techniques available to the potential user. These can be categorized into 
several methodological .approaches, including : - 

(1) Differentia] screening, 

(2) Subtractive hybridization (SH) (includes methods such, as chemical cross- 
linking subtraction-CCLS, suppression-PCR/ subtractive hybridization- 
bbri, and representational difference analysis— RD A) 

(3) Differential display (DD) r ' 

(4) Restriction endonuclease facilitated analysis (including serial analysis of gene 
express.on-SAGE-and gene expression fingerprinting-GEF) 

(5) Gene expression arrays, and 

(6) Expressed sequence tag (EST) analysis. . 

The above approaches have been used successfully to isolate differentially 

/ CneS m lfferent m ° del SyStCmS - H ° Wever « each m « h °d has its own 
subtle (and sometimes not so subtle) characteristics which incur various advantages 

and disadvantages Accordingly, it is the purpose of this review to clarify the 
^echan.st.c principles underlying the main differential expression methods and to 
highlight some of the broader considerations and implications of this very powerful 
and .mcreasingly popular, technique, Specifically, we will concentrate on the so- 
called open systems namely those which do not require any knowledge of gene 
sequenced, therefore, are useful for isolating unknown genes. Two 'closed' 
systems (those utilising previously identified gene sequences), EST analysis and the 
use of DNA arrays, will also be considered briefly for completeness. Whilst 
emphasis will often be placed on suppression PCR subtractive hybridization (SSH 
the approach employed in this laboratory), it is the aim of the authors to highlight' 
wherever possible, those areas of common interest to those who use, or intend to use' 
differential gene expression analysis. 

Differential cDNA library screening (DS) 

Despite the development of multiple technological advances which have recently 
brought the field of gene expression profiling to the forefront of molecular analysis 
recognition of the. importance of differential gene expression and characterization of 
differentially expressed genes has existed for many years. One of the original 

D a Tn *™tS° ,den i ifV T h genes was described 20 *e° b ? St **» and 

Davis (1979). These authors developed a method, termed 'differential plaque filter 
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hybridization', which was'used to isolate galactose-inducible DNA sequences from 
^east. The theory is simple: a genomic DNA library is prepared from normal 
unstimulated cells of the test organism /tissue and multiple filter' replicas are 
prepared. These replica blots are probed with ; radioactively (or Otherwise) labelled 
complex cDNA probes'prepare'd from the control and test cell mRNA populations 
Those m.RNAs which are differentially expressed in the treated cell population Will 
show a positive signal only oh' the filter probed with cDNA from the treated cejls 
Furthermore, labelled cDNA from different test conditions can be used to probe 
multiple blots, thereby enabling the identification of mRNAs which are only un- 
regulated under certain conditions: For'example, St John and Davis (1 979) screened 
replica filters with acetate-, glucose- and galactose-derived probes in order to obtain 

time this method is now considered insensitive and time-consuming W'up to 2 
months are reqmred to complete the identification of genes which are differentially 
expressed m the test population. In addition, there is no convenient way to check 
^hat the procedure has^ worked until the whole process has been completed. - 

• • ' \ \ ■ -• ' " ' ■ : • ' ■ - •• " .r . .V • 

Subtractive Hybridization (SH) - 

The developing concept of differential gene expression and the success of early 
approaches such as that described by St John and Davis (1979) soon gave rise to a 
search for more convenient methods of analysis. One of the first to be developed was 
SH, numerous variations of which have since been reported (see below) In general 
this approach involves hybridization of mRNA/cDNA from one population (tester) 
to excess mRNA/cDNA from another (driver), followed by separation of the 
unhybndized I tester fraction (differentially expressed) from the hybridized common 
sequences. This step has been achieved physically, chemically and through the use 
of selective polymerase chain reaction (PCR) techniques. 

Physical separation 

.Original subtractive hybridization technology involved the physical separation 
of hybridized common species from unique single stranded species/Several methods 
of achieving ; this have been described, including hydroxyapatite chromatography 
(Sargent and Dawid 1983), avidin-biotin technology (Duguid and Dinauer 1990) 
and ohgodT-latex separation (Hara et al. 1991). In the first approach, common 
s P ecies «e removed by cDNA (from test cells)-mRNA (from control cells) 
subtractive hybridization followed by hydroxyapatite chromatography, as hydroxy- 
apatite specifically adsorbs the cDNA-mRNA hybrids. The unabsorbed cDNA is 
then used either for the construction of a cDNA library of differentially expressed 
genes (Sargent arid Dawid 1983, Schneider et al. 1988) or directly as a probe to 
screen a preselected library (Zimmerman et al. 1 980, Davis et al. 1 984, Hedrick et al. 
1 984). A schematic diagram of the procedure is shown in figure 1 . 

Less rigorous plfySibl separation procedures coupled with sensitivity enhancing 
PCR steps were later developed as a means to overcome some of the problems 
^^"^r 1 } thC h y droxva P atite Procedure. For example, Daguid and Dinauer 
(1990) described a method of subtraction utilizing biotin-affinity systems as a means 
to remove hybridized common sequences. In this process, both the control and 
tester mRNA populations are first converted to cDNA and an adaptor (' oligovector ' 
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AAAA 

I , , 
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chromatography 
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or 



Produce clones Labef directly and probe library 

Figure 1. The hydroxyapatite method of subtractive hybridization. cDNA derived from the 
treated /altered (tester) population is mixed with a large excess of mRNA from the control (driver) 
population. Following hybridization, mRNA-cDNA hybrids are removed by hydroxyapatite 
chromatography. The only cDNAs which remain are those which are differentially expressed in 
the treated /altered population. In order to facilitate the recovery of full length clones, small cDNA 
fragments are removed by exclusion chromatography. The remaining cDN As are then cloned into 
a vector for sequencing, or labelled and used directly to probe a library, as described by Sareent 
and Dawid (1983). 

containing a restriction site) ligated to both sides. Both populations are then 
amplified by PCR, but the driver cDNA population is subsequently digested with 
the adaptor-containing restriction endonuclease. This serves to cleave the oligo- 
vector and reduce the amplification potential of the control population. The digested 
control population is then biotinylated and an excess mixed with tester cDNA. 
Following denaturation and hybridization, the mix is applied to a biocytin column 
(streptavidin may also be used) to remove the control population, including 
heteroduplexes formed by annealing of common sequences from the tester 
population. The procedure is repeated several times following the addition of fresh 
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-AAAA 

-AAAA' "H' 



1 
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: . " v,:. 
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AAAA 4 rounds of hybridization 

cDNA synthesis 
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. ; 

Sequence inserts and/or carry out 
other downstream applications 

Figure 2. The use of oligodT^ latex to perform subtractive hybridization. mRNA extracted from the 
control (driver) population is converted to anchored cDNA using polydT oligonucleotides 
' attached to latex beads. mRNA from the treated /altered (tester) population is repeatedly 
hybridized against an excess of the anchored driver cDNA. The final population of mRNA is 
tester specific and can be converted into cDNA for cloning and other downstream applications, as 
described by Hara et al. (1991). 
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control cDNA In order to further enrich i; those species dirr^reni^ jessed in 
the tester cDNA, the subtracted tester population is amplified by PCR following 
every second subtraction cycle. After six cycles of subtracti6ri'(threeVeampHfication 
steps) the reaction mix is ligated into a vector for further analysis. : 

In a slightly different approach, Hara et al. (1991) utilized amethod whereby 
ohgofdT^) primers attached to a latex substrate are used to first capture mRNA 
extracted from the control population. Following 1st strand cDNA synthesis the 
? NA . St ™ d h ««oduplexes is removed by heat d'enaturation and centri- 

fugat,on;(th? cDNA-oligotex-dT* forms a pellet and the supernatant^ removed). 
. A quan^ty of tester mRNA is then repeatedly hybridized to the immobilized toktrol 
(driver) cDNA (which is present in 20-fold excess). After- several rounds of 
hybridization the only mRNA molecules left in the tester mRNA population are 
those whiclv are not found in the .driver cDNA.oligotex-dT* population. These 
tester-specific mRNA species" are then converted to cDNA and/ following the 
addition of adaptor sequences, amplified by PCR. The PCR products are then 
hgated into a vector for further analysis using restriction sites incorporated into the 
PCR primers. A schematic illustration-of this subtraction process is shown in figure 

However, all these methods utilising physical separation have been described as 
inefficient due to the requirement for large starting amounts of mRNA, significant 
loss of material during the separation process and a need for several rounds of 
hybridization Hence, new methods of differential expression analysis have recently 
been designed to. eliminate these problems. >> 

Chemical Cross-Linking Subtraction (CCLS) 

In this technique, originally described by Hampson et al. (1992), driver mRNA 
is mixed w,th tester cDNA (1st strand only) in a ratio of > 20:1. The common 
sequences form cDNA :mRNA hybrids, leaving the tester specific species as single 
stranded cDNA. Instead of physically separating these hybrids, they are inactivated 
chemically using 2,5 diaziridinyl-l,4-benzoquinone (DZQ). Labelled probes are 

™7 nthCS1Zed fr ° m thC remainin S sin B le branded cDNA species (unreacted 
mRNA species remaining from the driver are not converted into probe material due 
to specmcity of Sequenase T7 DNA polymerase used to make the probe) and used 
to screen a cDNA library made from the tester cell population. A schematic diagram 
of the system is shown in figure 3. 

, lt *£ h r C ,T Sh ° Wn th3t th£ differentia »y expressed sequences can be enriched at 
least 300-fold with one round of subtraction (Hampson et al. 1992), and that the 
technique should allow isolation of cDN As derived from transcripts that are present 
at less than 50 copies per cell. This equates to genes at the low end of intermediate 
abundance (see table 1). The main advantages of the CCLS approach are that it is 
rapid, technically simple and also produces fewer false positives than other 
differential expression analysis methods. However, like the physical separation 
protocols, a major drawback with CCLS is the large amount of starting material 
required (at least 10/ig RNA). Consequently, the technique has recently been 
refined so that a renewable source of RNA can be generated. The degenerate random 
oligonucleotide primed (DROP) adaptation (Hampson et al. 1996, Hampson and 
Hampson 1997) uses random hexanucleotide sequences to prime solid phase- 
synthes,zed cDNA. Since each primer includes a T7 polymerase promotor sequence 
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Table 1. The abundance of mRNA species and classes in a typical mammalian cell. 



mRNA 
class 



Copies of 

each 
species/cell 



No 



of mRNA 
species in 
class 



Mean % of 
each species 
in class 



Mean mass 
(ng) of each 
species /^ig 
total RNA 



Abundant 

Intermediate 

Rare 



12000 
300 
15 



4 

500 
11000 



3.3 

0.08 

0.004 



1.65 
0.04 
0.002 



Modified from Bertioli et al. (1995). 
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at the 5' end, the final pool of random cDNA fragments is a PCR-renewable cDNA 
population which is representative of the expressed gene pool and can be used to 
synthesize sense RNA for use as driver material. -Furthermore, if the final pool of 
random cDNA fragments is reamplified using biotinylated T7 primer and random 
hexamer, the product can be captured with streptavidin beads and the antisense 
strand elutedfor use as tester.- Sihceboth target and driver can be generated from 
the same DROP product, subtraction can .be performed in both directions (i.e for 
up- and down-regulated species) between two different DROP products. 

Representational Difference Analysis (RDA) 

RDA of cDNA (Hubank iand Schatz 1994) is an extension of the technique 
originally applied to genomic |DNA as a means of identifying differences between 
two complex genomes (Lisitsyn .* al. 1993). It is a process of subtraction and 
amplification involving subtractive hybridization of the tester in the presence of 
excess driver. Sequences in the tester that have homologues in the driver are 
rendered unamphfiable, whereas those genes expressed only in the tester retain the 
ability to be amplified by PCR, The procedure is shown schematically in figure 4 
In essence the driver and tester mRNA populations are first converted to cDNA 
and amplified by PCR following the ligation of an adaptor. The adaptors are then' 
removed from both populations and a new (different) adaptor ligated to the 
amplified tester population only. Driver and tester populations are next melted and 
hybridized together in a ratio of 100:1. Following hybridization, only tester : tester 
homohybrids have 5 adaptors at each end of the DNA duplex and can, thus, be filled 
in at both 3 ends-Hence, only these molecules are amplified exponentially during 
the subsequent PCR step. Although tester:driver heterohybrids are present they 
only amplify in a linear fashion, since the strand derived from the driver has no 
adaptor to which the primer, can bind. Driver.driver heterohybrids have no 
adaptors and therefore, are,not amplified. Single stranded molecules are digested 
with mung bean nuclease before, a further PCR-enrichment of the tester.-tester 
homohybrids. The adaptors on the amplified tester population are then replaced and 
the whole process repeated a further two or three times using an increasing excess of 
driver (Hubank and Shatz used a tester:driver ratio of 1:400, 1-80000 and 
1:800000 for the second, third and fourth hybridizations, respectively). Different 
adaptors are ligated to the tester between successive rounds of hybridization and 
amplification to prevent the accumulation of PCR products that might interfere with 
subsequent amplifications. The final display is a series of differentially expressed 
gene products easily observable on an ethidium bromide gel. 

The main advantages of RDA are that it offers a reproducible and sensitive 
approach to the analysis of differentially expressed genes. Hubank and Schatz (1994) 
reported that they were able to isolate genes that were differentially expressed in 
substantially less than 1 % of the cells from which the tester is derived. Perhaps the 
mam drawback is that multiple rounds of ligation, hybridization, amplifiation and 
digestion are required. The procedure is, therefore, lengthier than many other 
differential display approaches and provides more opportunity for operator-induced 
error to occur. Although the generation of false positives has been noted this has 
been solved to some degree by O'Neill and Sinclair (1 997) through the use of HPLC- 
punfied adaptors. These are free of the truncated adaptors which appear to be a 
major source of the false positive bands. A very similar technique to RDA, termed 
linker capture subtraction (LCS) was described by Yang and Sytowski (1996) 
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Figure 4. The representational difference analysis (RDA) technique. Driver and tester cDNA are 
digested with a 4-cutter restriction enzyme such as DpnU. The 1- set of 12/24 adapter Vtnmds 
(oligonucleotides are hgated to each other and the digested cDNA products. The 12mer i 
subsequently melted away and the 3'ends filled in using Taq DNA polymerase. Each cDNA 
population ,s then amplified using PCR, following which the 1- set of Raptors is removed Twim 
Dpnll.A second set of 12/24 adaptor strands is then added to the amplified te«er cDNA 
population, after which the tester is hybridized against a large excess of driver The 12mer 
adaptors are melted and the 3' ends filled in as before. PCR is carried out with orimers ide,S 
to the new 24mer adaptor. Thus, the only hybridization produces wh7c , ar ^"xpontoaS 
amplified are those wh.ch are tester.tester combinations. Followmg PCR, ssDNA ™du«s are 
removed with mung bean nuclease, leaving the "first difference product'. Th,^ digged anH 
third set of 1 2/24 adaptors added before repeating the subtract^ process from L ySl 

ss>- Kjjst-flitr or 4 * difference product as dcscribcd by 
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Suppression PCR Subtractive Hybridization (SSH) : - 

■ T he r most "cent adaptation of the SH approach to differential expression 
analysis was first described by Diatchenkb et a/.(1996) and Gurskaya et a/.(1996) 
They; reported that a 1000-5000 fold enrichment pf rare cD.NAs (equivalent to 
^^gTi^^ pT^^^oniy;i {tvi copies per cell) can be obtained without the 
need for multiple hybfidizatioris/subtractionls: Instead of physicai" or chernicai 
removal of the common sequences, a PCR-based suppression system is used (see 
figure 5). "' '. '•< •"•-■.!;= 

In SSH, excess driver cDNA' is added to two portions of the tester cDNAwhich 
have been ligated with different aaaptbrsVA-fir8t>6Wd;6f hybndiiation serves 'to 
enrich "differentially expressed genes and equalize rare and abundant messages 
Equalization occurs since reanhealing is more rapid for abundant molecules "than for 
rarer molecules due to the second order kinetics of hybridization (Jarries arid Higgms 
1 985). The two primary hybridization mixes are then mixed together' in the presence 
of excess driver and allowed to hybridize further/This step permits the' annealing of 
single stranded complementary sequences which did not hybridize in the' primary 
hybridization, and in doing so generates templates for PCR amplification.' Although 
there are several possible combinations of the single stranded'molecules present in 
the secondary hybridization'mix, only one particular combination (differentially 
expressed m the tester cDNA composed of complimentary strands having different 
adaptors) can amplify exponentially. 

Having obtained the final differential display, two options are available if cloning 
of cDNAs is desired. One is to transform the whole of the final PCR reaction into 
competent cells. Transformed colonies; can then be isolated and their inserts 
characterized by sequencing, restriction analysis or PCR! Alternatively , the final 
PCR products can be resolved on a gel and the individual bands excised, re'amplified 
and cloned. The first approach is technically simpler and less time consuming. 
However, hgation/transformation reactions are known to be biased towards the 
cloning, of smaller molecules, and so the final population of clones will probably not 
contain a representative selection of the larger products. In addition, although 
equalization theoretically occurs, observations.™ this laboratory suggest that this is 
by no means perfectly accomplished. Consequently, some gene species are present 
in a higher number than others and this will be represented in the final population 
of clones. Thus, in order to obtain a substantial proportion of those gene species that 
actually demonstrate differential expression in the tester population, the number of 
clones that will have to be screened after this step may be substantial. The second 
approach is initially more time consuming and technically demanding. However, it 
would appear to offer better prospects for cloning larger and low abundance gel 
products. In addition, one can incorporate a screening step that differentiates 
different products of. different sequences but of the same size (HA-staining, see 
later). In this way, a good idea of the final number of clones to be isolated and 
identified can be achieved. 

An alternative (or even complementary) approach is to use the final differential 
display reaction to screen a cDNA library to isolate full length clones for further 
characterization, or a DNA array (see later) to quickly identify known genes. SSH 
has been used in this laboratory to begin characterization of the short-term gene 
expression profiles of enzyme-inducers such as phenobarbital (Rockett et al. 1997) 
and Wy-1 4,643 (Rockett et al. unpublished observations). The isolation of 
differentially expressed genes in this manner enables the construction of a fingerprint 
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Figure 5 PCR-select cDNA subtraction. In the primary hybridization, an excess of driver cDNA is 
added to each tester cDNA population. The samples are heat denatured and allowed to hybridize 
for between 3 and 8 h. This serves two purposes : (1 ) to equalize rare and abundant molecules ; and 
(2) to ennch for differentially expressed sequences— cDN As that are not differentially expressed 
form type c molecules with the driver. In the secondary hybridization, the two primary 
hybridizations are mixed together without denaturing. Fresh denatured driver can also be added 
at this point to allow further enrichment of differentially expressed sequences. Type e molecules 
nr I*™ T i S " 0ndary h y°ndization which are subsequently amplified using two rounds of 
The final products can be visualized on an agarose gel, labelled directly or cloned into a 

7T/iooAT° Wn ? rCam mani P ulfl a™- As described by Diatchenko et aL (1996) and Gurskaya 
« a/. (lyVo), with permission. 
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Figure 6. Flow diagram showing method used in this laboratory to isolate and identify clones of genes 
which are differentially expressed in rat liver following short term exposure to the enzyme 
inducers, phenobarbital and Wy-14,643. 

of expressed genes which are unique to each compound and time/dose point. Such 
information could be useful in short-term characterization of the toxic potential of 
new compounds by comparing the gene-expression profiles they elicit with those 
produced by known inducers. Figure 6 shows a flow diagram of the method used to 
isolate, verify and clone differentially expressed genes, and figure 7 shows expression 
profiles obtained from a typical SSH experiment. Subsequent sub-cloning of the 
individual bands, sequencing and gene data base interrogation reveals many genes 
which are either up- or down-regulated by phenobarbital in the rat (tables 2 and 3). 

One of the advantages in using the SSH approach is that no prior knowledge is 
required of which specific genes are up/down-regulated subsequent to xenobiotic 
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Figure 7^ SSH display patterns obtained from rat liver following 3-day treatment with WY U 643 «r 
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Wv 14-643 trMtnT**!*. ^ g y ; 1 ^ >4Jtreatment ; 3 "-genesdownregulatedfoIlowinc 

exposure, and an almost complete complement of genes are obtained. For example 
the perox.some prohferator and non-genctoxic hepatocarcinogen W y ,14,643 up-' 
regulates at least 28 genes and down-regulates at least 15 in the rat (a sen *ve 
spec.es) and produces 48 up- and 37 down-regulated genes in the guinea pig a 
res.stam spec.es (Rockett, Swales, Esda and Gibson, unpublished observes) 
One of these genes, CD81, was up-regulated in the rat and down-regulated in the 
gmnea P1 g following ,Wy,l 4,643 treatment. CD81 (alternatively named TAPA-1) is 
a w.dely expressed cell surface protein which .s involved in a large number of cellular 

JT*W ? 7 *< u S1 ° n / aCtivatl ° n ' Proliferat,on and differentiation (Levy et 
al 1998). Since all of these funct.ons are altered .to some extent in the phenomena 
of hepatomegaly and non-genotoxic hepatocarcinogenesis. it is intriguing, and 
probably mechamsncally-relevant, that CD81 expression is differentially regulated 
» a res.stant and susceptible spec.es. However, the down-s.de of this approach is 
that the majomy of genes can be sequenced and matched to database sequences, but 
the latter are predommantly expressed sequence tags or genes of completely 
unknown function, thus partially obscur.ng a realistic overall assessment of xhl 
crmcal genes of genu.ne biological interest. Notwithstanding the lack of complete 
funt.ona .dent.ficat.on of altered gene expression, such gene profiling studies 
essenaally prov.des a 'molecular fingerprint' in response to xenobiotic challenge 
thereby servmg as a mechanistically-relevant platform for further detailed 
investigations. u 



Differential Display (DD) 

Origmally described as «RNA fingerprinting by arbitrarily primed PCR ' (Liang 
and Pardee 1992) th.s method is now more commonly referred to as 'differential 
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Table 2. Genes up-regulated in rat liver following 3-day exposure to phenobarbital. 



Band, number 
(approximate 
size in bp) 



Highest sequence ' 
, " similarity ' 



FASTA-EMBL gene identification 



5 (1300) 
7(1000) 

8 (950) 
10(850) 

11 (800) 

12 (750) 
15 ] (600) 
16 (55) . 
21 (350) 



•"' 93.5% ' 
■'• ti :95.1 % '■> 

98.3% 
- 9S.7% 
Clone 1-94.9% i.V 

Clone 2. 75.3% - 

, : v 93.8% 

■ • - 92.9% ' > 

Clone 195.2% '!. 
1 Clone 1 2 93.6% : " 
• ' * - '99.3% ,v 



■ CYP2B1 A ; T<>o 
. Preproalbumin , 1 "« 

Serum- albumin mRN A 
NCI-CGAP-Prl H. sapiens (EST) 
CYP2B1 > s ' •■-.< : 
-CYP2B1:- , ' 
,CYP2B2 1 \ 

TRPM-2 mRNA " " :v "' 
Sulfated glycoprotein ' , < * . 
Preproalbuniin • , ; , 
Serum albumin mRNA 
CYP2B1 '* 1 " " ' '■ \ ' v >- ' 
Haptoglobulin mRNA partial alpha 
18S, 5.8S& 28S rRNa 



Bands 1-4, 6, 9, 13, 14, and 17-20 are shown to be false positives by dot blot anaylsV arid therefore 
are not sequenced. Derived fromRockett et al. (1997). It should be noted .that the above genes do, not 
represent the complete spectrum of genes which are up-regulated in rat liver by phenobarbital but 
simply.represents the genes sequenced and identified to date. \ 

' - J iv- <- • * i . " ... . 

Table 3. Genes down-regulated in rat liver following 3-day exposure to phenobarbital. 



Band number 
(approximate 
size in bp) 



Highest sequence 
similarity 



FASTA-EMBL gene identification 



1 (1500) 

2 (1200) 

3 (1000) 
7 (700) 



8 (650) 

9 (600) 

10 (550) 

11 (525) 

12 (375) 

13 (23) 



14 (170) 

15 (140) 
Others: (300) 

(275) 



Clone 1 
Clone 2 
Clone 3 
Clone 1 
Clone 2 
Clone 1 
Clone 2 



Clone 1 
Clone 2 
Clone 3 



95.3% 
92.3% 
91.7% 
77.2% 
94.5% 
91.0% 
86.9% 
96.2% 
86.9% 
82.0% 
73.8% 
95.7% 

100.0% 
97.2% 

100.0% 

100.0% 
96.0% 
97.3% 
96.7% 

93.1% 



3-oxoacyl-CoA thiolase ' 
Hemopoxin mRNA' 
Alpha-2u-globulhvmRNA 
M. musculus CI inhibitor 
Electron transfer flavoprotein 
M. musculus Topoisomerase 1 (Topo 1) 
Soares 2NbMT M. musculus (EST) 
Alpha-2u-globulin (s-type) mRNA 
Soares mouse NML M. musculus (EST) 
Soares p3NMF 19.5 M. musculus (EST) 
Soares mouse NML M. musculus (EST) 
NCI-CGAP-Prl H. sapiens (EST) 
Ribosomal protein 

Soares mouse embryo NbME135 (EST) 

Fibrinogen B-beta-chain 

Apolipoprotein E gene 

Soares p3NMF19.5 M, musculus (EST) 

Stratagene mouse testis (EST) 

R. norvegicus RASP 1 mRNA 

Soares mouse mammary gland (EST) 



EST = Expressed sequence tag. Bands 4-6 were shown to be false positives by dot blot analysis and 
therefore, were not sequenced. Derived from Rockett et al. (1997). It should be noted that the above genes 
do not represent the complete spectrum of genes which are down-regulated in rat liver by phenobarbital 
but sirmply represents the genes sequenced and identified to date. 



display' (DD). In this method, all the mRNA species in the control and treated cell 
populations are amplified in separate reactions using reverse transcriptase-PCR 
(RT-PCR). The products are then run side-by-side on sequencing gels. Those 
bands which are present in one display only, or which are much more intense in one 
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disphy compared to the other, are differentially . expressed and may be,recovered for 
farther characterization. One advantage of this system is the-speed with which it can 
be carried out-2 days to obtain a displayed as little as a week to make and'identifv 

clones. . . v s ■ 7 

~1 ^ wo co ^ 0 ^\y vstf .Xwi^ns^.basedion^erearjnethod* of pricing the 
reyerse^transcripuon step .(figure 8). One is to use.an oligo dT with a 2-base 'anchor ; 
at jhe 3 -end, e.g...5; 1 (dT,,)CA .3' (Liang and/Pardee. 1992). Alternatively, an 
a^t^p rimer may, be used for 1st strand ,cDNA -synthesis (Welsh et al 1992) 
^ : y^rtWA*nW*W&*.*» : lto> been called ,'RAP' (RNA Arbitrarily 
Pnmed)-PCR, ^advantage of this second.approach is that PCR products may be 
derived from^anywhere in the RNA, induding openTeading Carries: In addition, it 
can be used^ for rnRNAs that are not polyadenylated, such as many bacterial rnRNAs 
Wong and McClelland 1994). In both .ases, following reverse" trans^Sm and 
d e n^ration, : s e cond.strand cDNA synthesis is carried out with an arbitrary primer 
^rbrtrary primers have, a single base at each position,,as compared xo random 
pnrners,. which contain a mixture of all four bases at each position), the resultinR 
PCR, thus produces a series of ; products which, depending x>n the system (primer 
length, and composition, polymerase and, gel system), usually includes 50-100 
products .per primer set (Band andSager 1989). When a combination^ different 
dT-anchors and arbitrary primers are.used, almost all mRNA species from a cell can 
be amplified. When the cDNA products from two different populations are analysed 
side by side on ajjolvacrylamide gel, differences in expression can be identified and 
the appropriate bands recovered for cloning and further analysis 

Although DD is perhaps the most popular approach used today for identifying 
differentially expressed genes, it does suffer from several perceived disadvantages: 

(1) 11^7 IT' \ Str ° ng bi3S tOW3rds high c °Py number mRN As (Bertioli et al 
1 995) although this has been disputed (Wan et al. 1 996) and the isolation of very 
low abundance genes may be achieved in certain circumstances (Guimeraes et 

(2) The cDNAs obtained often only represent the extreme 3' end of the mRNA 
(often the 3 '-untranslated region), although this may not always be the case 
(Guimeraes et al. 1995a). Since the 3 'end is often not included in Genbank and 
shows variation between organisms, cDNAs identified by DD cannot always be 
matched with their genes, even if they have been identified. 

(3) The pattern of differential expression seen on the display often cannot be 
reproduced on Northern blots, with false positives arising in up to 70% of cases 
(Sun et al. 1994). Some adaptations have been shown to reduce false positives 
including the use of two reverse transcriptases (Sung and Denman 1997)' 
comparison of umnduced and induced cells over a time course (Burn et al 1994) 
and comparison of DDPCR-products from two uninduced and two induced 
lines Sompayrac et al. 1995). The latter authors also reported that the use of 
cytoplasmic RNA rather then total RNA reduces false positives arising from 
nuclear RNA that is not transported to the cytoplasm. 

Further details of the background, strengths and weaknesses of the DD 
technique can be obtained from a review by McClelland et al. (1996) and from 
articles by Liang et al. (1995) and Wan et al. (1996) 
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Arbitrary primer. 



'•V: 'V ^ 



•AAAAAAA 



Denature and synthesise 2 nd strand 
; with, any. arbitrary primer { — -| . 4, 



2 nd strand cDNA 



-AC 



2 nd strand cDNA, 
■ ► 



1 



cDNA can now be amplified by PGR using original primer pair 

Figure 8. Two approaches to differential display (DD) analysis. 1* strand synthesis can be carried out 
either with a polydT n NN primer (where N = G, C or A) or with an arbitrary primer. The use of 
different combinations of G, C and A to anchor the first strand polydT primer enables the priming 
of the majority of polyadenylated mRNAs. Arbitrary primers may hybridize at none, one or more 
places along the length of the mRNA, allowing 1* strand cDNA synthesis to occur at none, one 
or more points in the same gene. In both cases, 2 nd strand synthesis is carried out with an arbitrary 
primer. Since these arbitrary primers for the 2 nd strand may also hybridize to the 1* strand cDNA 
in a number of different places, several different 2 Bd strand products may be obtained from one 
binding point of the 1* strand primer. Following 2 nd strand synthesis , the original set of primers 
,is used to amplify the second strand products, with the result that numerous gene sequences are 
amplified. 



Restriction endonuclease-facilitated analysis of gene expression 
Serial Analysis of Gene Expression (SAGE ) 

A more recent development in the field of differential display is SAGE analysis 
(Velculescu et al 1995). This method uses a different approach to those discussed so 
far and is based on two principles. Firstly, in more than 95% of cases, short 
nucleotide sequences ('tags') of only nine or 10 base pairs provide sufficient 
information to identify their gene of origin. Secondly, concatenation (linking 
together in a series) of these tags allows sequencing of multiple cDNAs within a 
single clone. Figure 9 shows a schematic representation of the SA GE process. In this 
procedure, double stranded cDNA from the test cells is synthesized with a 
biotinylated polydT primer. Following digestion with a commonly cutting (4bp 
recognition sequence) restriction enzyme ('anchoring enzyme'), the 3' ends of the 
cDNA population are captured with streptavidin beads. The captured population is 
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split into two and different adaptors ligated to the 5 'ends of each group. Incorporated 
into the adaptors is a recognition sequence for a type IIS restriction enzyme— one 
which cuts' DNA at a defined distance {< 20 bp) from its recognition sequence!- 
Hence, following digestion of each "captured cDNA population with the IIS erizymej 1 
the adaptor's plus r a short piece df the captured cDNA are released. The two 7 
populations are then ligated and the products amplified. The amplified products are 
cleaved with the original anchoring enzyme, religated (concatomers are formed in 
the'process) and cloned. The advantage of this system is that hundreds of gene tags 
can be identified by sequencing only* fewc'lones. Furthermore, the number of times 
a given transcript is' identified is a quantitative' measurement of that gene's 
abundance in the original population, a feature which facilitates identification of ' 
differentially expressed genes m different cell populations. 

; Some disadvantages of SAGE analysis include the technical difficulty of the 
method large amount of accurate sequencing is required, biased towards abundant 
mRNAs, has not been validated in the pharmaco/tbxicdgenomic setting and has ! 
only been used to examine well known tissue differences to date." ••!: • 

Gene Expression Fingerprinting (GEF) ' 

: A different capture/restriction digest approach for isolating differentially ; 
expressed genes has been described by Ivanova and Belyavsky (1995). In this 
method, RNA is converted to cDNA using biotinylated oligo(dT) primers The 
cDNA population is then digested with a specific endonuclease and captured with 
magnetic streptavidm microbeads to facilitate removal of the unwanted 5 'digestion 
products. The use of restricted 3 '-ends alone serves to reduce the complexity of the 
cDNA fragment pool and helps to ensure that each RNA species is represented by 
not more than one restriction product. An adaptor is ligated to facilitate subsequent 
amplification of the captured population. PCR is carried out with one adaptor- 
specific and one biotinylated polydT primer. The reamplified population is 
recaptured and the non-biotinylated strands removed by alkaline dissociation. The 
non-biotinylated strand is then resynthesized using a different adaptor-specific 
primer m the presence of a radiolabelled dNTP. The labelled immobilized 3'cDNA 
ends are next sequentially treated with a series of different restriction endonucleases 
and the products from each digestion analysed by PAGE. The result is a fingerprint 
composed of a number of ladders (equal to the number of sequential digests used) 
By comparing test versus control fingerprints, it is possible to identify differentially 
expressed products which can then be isolated from the gel and cloned. The 
advantages of this procedure are that it is very robust and reproducible and the 
authors estimate that 80-93% of cDNA molecules are involved in the final 
fingerprint. The disadvantage is that polyacrylamide gels can rarely resolve more 
than 300-400 bands, which compares poorly to the 1000 or more which are 
estimated to be produced in an average" experiment. The use of 2-D gels such as 
those described by Uitterlinden et al. (1989) and Hatada et al. (1991) may help to 
overcome this problem. 

A similar method for displaying restriction endonuclease fragments was later 
described by Prashar and Weissman (1996). However, instead of sequential 
digestion of the immobolized 3'-terminal cDNA fragments, these authors simply 
compared the profiles of the control and treated populations without further 
manipulation. 
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1* strand cDNA synthesis using 
'qT pnmers 
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cDNA cleaved with AE and ; . , . j ; . /■ 
4 captured with streptavivin beads ' 



GTAC 



-AAAA 



» f t ■ ! 

GTAC 



Divide in half and ligate linkers 




CATG - 
GTAC. 



-AAAA 



CATC 
GTAC 



-AAAA 




CATG- 
GTAC 



'AAAA 



CATG 
GTAC- 



1 




Cleave with tagging enzyme (TE) j 
and produce blunt ends 



GGATGCATGXXXXXXXXX 
CCTACGTACXXXXXXXXX 



GGATGCATG00O0O0OOO 
CCTACGTACOOOObOOOO 



TE AE 



Tag 



TE AE 



Tag 



| Ligate and amplify 



GGATGCATGXXXXXXXXXOOOOOOOOOCATGCATCC 
CCTACGTACXXXXXXXXXOOOOOOOOOGTACGTAGG 



DiTag 



I 



AE 



AE 



Cleave with AE, isolate diTags. 
concatenate, clone and 
sequence 

AE 



— CATGXXXXXXXXXOOOOOOOOOCATG XXXXXXXXXOOOOOOOOOCATG— 
— GT^XXXXXXXXXOOOQOOOOOGTAC XXXXXXXXXOOOOOOOOOGTAC— 



Tag! Tag 2 



Tag 3 Tag 4 



filSd S S 8 «pr essi0 n (SAGE) analysis. cDNA is cleaved w.th an anchoring enzyme 
(AE)and the 3 ends captured using strcptavidin beads. The cDNA pool is divided in half and each 
pomon hgated to a drfTerent linker, each contaming a type IIS resection site (tagging enzv^ 

(XXXXX and OOOOO .ndicate nucleot.des of different tags). The two pools of tags are then 
hgated and amphned usmg hnker-specific primers. Followmg PGR, the products are cfeaved litE 
the AE and the d.tags .solated from the linkers using PAGE The ditags are then hg«ed (du^ns 
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DNA arrays . , . , 

.. 'Open' differential display systems are cumbersome in that it takes a great deal 

lTd« CXtraCt I"' i dCm ^ Candid " e 8 ^ S 3nd that they a^ £2 

up- or down-regulatedm the treated compared to the control tissue. NormX the 
atter process is carried out using Northern blotting or RT-PCR. EvlT ach of 
the aforementioned steps produce a bottleneck to the ultimate goal crf^jSi 
of gene express.on. These problems will likely be addressed by the devebp»eT"f 
so-caUed^DNA arrays (e.g, Gress et aL, 1 9,92, Zhao * «/. 1 995*Schen*e TlW) 
the mtroductaon of which has signalled the next erain,differen'^ 
analysis. DNA,. arrays consist of a.-gridded membrane,or 8 lass,«xh1ps ' conLS 
hundreds^ thousands of DNA. spots, each consisting of nfultiple copi« ofta* of 
,a. known.gen,. The genes are often selected based o,pfevio«sl y .p^ 
m oncogenesis cej cychng, DNArepair, development.and.other cellula7proceTs e T 
They are usually chosento be as specific aspossible for each gene and animS spTc 
Human and mouse,arrays are already commercially available and a fe ™om P tnks 
W!ll construct a personalized array to order, for example Clontech LabTraSand 
Research Genencs lnc The technique is rapid in that hundreds or 
of genes can be spotted on. a single array, and that mRNA/cDNA fron^nTtes 
populations can be labelled and used directly as. probe When ana W lS 
appropriate hardware and, software, arrays offer a rapid/and quantitSv rnlns t 

can . only be identification and quantitation of those !g enes which . are in he array 
(hence the term closed ' system).. Therefore, one approach to elucTdatinHe 
molecular mechanisms mvolved in a particular disease/development sys em mayte 
to combine an open and closed system-a DNA array to Lectly^tS Ind 

^ctL^z^^r genes in mRNA 

system such as SSH to isolate unknown genes which are differentially expressed 

One of the main advantages of DNA arrays is the huge numberof 
which can be put on a membrane-some companies have reported griddLgTto 
60000 spots on a single glass 'chip ' (microscope slide). These high density chip! 
based micro-arrays will probably become available as mass-produced off-Xshelf 
items in the near future. This should facilitate the more rapid determination o^ 
differential expression in time and dose-response experiments. Aside To m tneir 
high cost and the technical complexities involved in producing and probing^ DNA 
arrays the mam problem which remains, especially with the newer m^cro-arrav 
(gene-chip) technologies, is that results are often not wholly reprodu iW between 

ne^L yTarl"' *" " ^ ' nd ^ ^/resolved tit 7t e 



EST databases as a means to identify differentially expressed genes 

cDNA^lZrierr" T (E u STS) Partial SeqUenC « ° f clones Stained from 
cDNA libraries^ Even though most ESTs have no formal identity (putati™ 
identification >s the best to be hoped for), they have proven to be a rapid and XTnt 
means of discovering new genes and can be used to generate profiles of gene- 
expression m specific cells. Since they were first described by Adams ^1991) 
there has been a huge explosion in EST production and it is estimated that there are 
now well over a million such sequences in the public domain, representing ove ha 
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of all human genes (Holier ^ .«/. 1996). This large number, of freely available 
sequences (both sequence information and clones are normally available royalty-free 
from the originators) has I enabled the development of a new approach towards 
differential gene/expressibn analysis as described byVasmatzisrt al. (1998) The 
approach is simple in theory: EST.databases are first searched for genes that have a 
number of related EST sequences from the target tissue of choice, but none or few 
from non-target tissue libraries. Programm esjto assist in the assembly of such sets of 
overlapping data may be developed in-house or obtained privately or from the 
internet. For example, the Institute for Genomic Research (TIGR found at 
http://Www.ugr.org) provides many software tools free of charge to the scientific 
community. Included amongst these is the TIGR. assembler (Sutton et al 1995) a 
tool for the assembly of large: sets of overlapping data such, as ESTs bacterial 
artificial chromosomes (BAC)s, or small genomes. Candidate EST clones repre- 

sentmg different genes are then analysed using RNA blot methods for size and tissue 
specificity and, if required, used as probes to isolate and identify the full length 
cDNA clone for further characterization. In practice however, the method is rather 
more involved, requiring bioinformatji: and computer analysis coupled with 
confirmatory molecular studies. Vasmatzis et al. (1998) have described several 
problems in this fledgling approach, such as? separating highly- homologous 
sequences derived from different genes and an overemphasis of specificity for some 
EST sequences. However, since these problems will largely be addressed by the 
development of more suitable computer algorithms and an increased, completeness 
of the EST database, it is likely that this approach to identifying differentially 
expressed genes may enjoy more patronage in the future. 



Problems and potential of differential expression techniques 
The holistic or single cell approach? . 

When working with in vivo models of differential expression, one of the first 
issues to consider must be the presence of multiple cell types in any given specimen 
For example a liver sample is likely, to contain not only hepatocytes, but also 
potentially) Ito cells, bile ductule cells, endothelial cells, various immune cells (e g 
lymphocytes, macrophages and Kupffer cells) and fibroblasts. Other tissues will 
each have their own distinctive cell populations. Also, in the case of neoplastic tissue 
there are almost always normal, hyperplastic and/or dysplastic cells present in a 
sample. One must, therefore, be aware that genes obtained from a differential 
display experiment performed on an animal tissue model may not necessarily arise 
exclusively from the intended 'target' cells, e.g. hepatocytes/neoplastic cells If 
appropriate, further analyses using immunohistochemistry, in situ hybridization or 
tn situ RT-PCR should be used to confirm which cell types are expressing the 
gene(s) of interest. This problem is probably most acute for those studying the 
differential expression of genes in the development of different cell types where 
there is a need to examine homologous cell populations. The problem is now being 
addressed atthe National Cancer Institute (Bethesda, MD, USA) where new micro- 
disection techniques have been employed to assist in their gene analysis programme 
the Cancer Genome Anatomy Project (CGAP) (For more information see web site-' 
http ://Www.ncbi.nlm.nih.gov/ncicgap/intro.html). There are also separation tech- 
mques available that utilise cell-specific antigens as a means to isolate target cells 
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e.g. fluorescence activated cell sorting (FACS) (Dunbar et al. 1998, Kas-Deelen et 
al. 1998) and magnetic bead technology (Richard et «fc'1998,1logIer : « al 1998) 
^ However.'those taking a holistic approach may consider this issue^himpor^nt. 
-There is an equally appropriate view that all those genes showing altered expression 
' WIthm a compromized tissue' should be taken into Consideration. 'After all since all 
issues are.._complex mixes of different, interacting ceU types 1 which 1 intimately 
regulate each other s growth and developm ent, it is clear that each cell type could in 
^some way^contr^bute (positively, or Negatively) towards the molecular mechanisms 
•which']* behind responses to external stimuli or neoplastic growth .'It is perhaps 
then more informative to carry out differential display experimenting in vivots 
opposed to invttro models, where uniform populations of id enticaPcells probacy 
■represent apartial, skewed or even inaccurate pictured the molecular chahges that 



-The incidence and possible implications of inter-indivioualbiological variation 
should be considered in any approach where whole animal models areVemg used It 
is clear that individuals (humans and animals) respond m different ways to identical 
stimuli. One of the best characterized examples is the debrisoquine oxidation 
polymorphism, which -is mediated by cytochrome CYP2D6 and determines the 
pharmacokinetics of many commonly prescribed drugs (Lennard 1993 " Meyer and 
Zanger 1997). The reasons for such differences : are varied and complex but allelic 
variations regulatory -region polymorphisms and even physical and mental health 
can all contribute to observed differences in individual responses. Careful thought 
should therefore, be given to the specific objectives of the study and to the possible 
value of pooling starting material (tissue/mRNA). The effect of this can be 
beneficial through thejroning out of exaggerated responses and unimportant minor 
fluctuations of (mechanistically) irrelevant genes in individual animals, thus 
providing a clearer overall picture of the general molecular mechanisms of the 
response. However at the same time such minor variations may be of utmost 
importance in deciding the ability of individual animals to succumb to or resist the 
effects of a given chemical /disease. 



Hot, efficient are differential expression techniques at recovering a high percentage of 
differentially expressed genes ? 

A number of groups have produced experimental data suggesting that mam- 
malian cells produce between 8000-1 5000 different mRNA species at any one time 
(Mechler and Rabbms 1981 Hedrick et al. 1984, Bravo 1990), although figures as 
high as 20-30000 have also been quoted (Axel et al. 1976). Hedrick et al (1984) 
provided evidence suggesting that the majority of these belong to the rare abundance 
class. A breakdown of this abundance distribution is shown in table 1 

When the results of differential display experiments have been compared with 
data obtained prev,ously using other methods, it is apparent that not all differentially 
expressed mRNAs are represented in the final display. In particular, rare messages 
(which, importantly, often include regulatory proteins) are not easily recovered 
using differential display systems. This is a major shortcoming, as the majority of 
mRNA species exist at levels of less than 0.005% of the total population (table 1) 
Bertiol, et al (1995) examined the efficiency of DD templates (heterogeneous 
mRNA populates) for recovering rare messages and were unable to detect mRNA 
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species present at less than 1,2 % . of the total mRNA population-^equivalent to an 
intermediate or abundant species. Interestingly, when simple model systems (single 
target only) were used instead of a heterogeneous mRNA population^ the- same 
primers could detect levels of target mRN A down to 1Q000X smaller; These:results 
are probably- best explained by competition for substrates /from (the many;PCR 
products produced in a DD reaction. ;k > -il i , 

The.numbers of differentially expressed mRNAs reported in the iiterature.using 
various model-systems provides further evidence that many differentially expressed 
mRNAs are not recovered. For example, DeRisi et al. (1997) used DNA array 
technology to examine gene expression in yeast following exhaustion of sugar in the 
medium, and found that more than 1700 genes showed a change in expression of at 
'least 2-fold. In light of such a finding, it would not be unreasonable to suggest that 
of the 8000-45 000 different mRNA species produced by any given mammalian cell, 
up to 1000 or mpre mayjshow., altered expression . following chemicaLstimulation. 
Whilst. this; may be .,-an : extreme,: figure, iris known that at least 100 genes are 
activated/upregulated in Jurkat (T-) cells following IL-2. stimulation (Ullmane* al. 
1990), In addition, Wan et al. (1996) estimated that interferon- ,-stimulated HeLa 
cells idifferentiaUy express , up to .43 3.;, genes, (assuming. 24 000 distinct mRNAs 
expressed by the cells). However, there have been few publications documenting 
anywhere near the recovery of these numbers. For example, in using DD to compare 
normal and regenerating mouse liver, Bauer et al. (1993) found only 70 of 38000 
total bands to be different. Of these, 50% (35 genes) were shown, to correspond to 
differentially expressed bands. Chen et al. (1996) reported 10., genes upregulated in 
female rat liver following ethinyl estradiol treatment. McKenzie and Drake (1997) 
identified 14 different; gene products whose expression was altered by phorbol 
myristate acetate (PMA, a tumour promoter agent) stimulation of a human 
myelomonocytic cell line, Kilty and Vickers (1997) . identified 10 different gene 
products whose expression was upregulated in the peripheral blood leukocytes of 
allergic disease sufferers. Linskens et al. (1995) found 23 genes differentially 
expressed between young and senescent fibroblasts. Techniques other than DD 
have also provided an apparent paucity of differentially expressed genes. Using SH 
for example, Cao et al. (1997) found 15 genes differentially expressed in colorectal 
cancer compared to normal mucosal epithelium. Fitzpatrick et al. (1995) isolated 17 
genes upregulated in rat liver following treatment with the peroxisome proliferator, 
clofibrate; Philips et al. (1990) isolated 12 cDNA clones which were upregulated in 
highly metastatic mammary adenocarcinoma cell lines compared to poorly meta- 
static ones. Prashar and Weissman (1996) used 3' restriction fragment analysis and 
identified approximately 40 genes showing altered expression within 4 h of 
activation of Jurkat T-cells. Groenink and Leegwater (1996) analysed 27 gene 
fragments isolated using SSH of delayed early response phase of liver regeneration 
and found only 12 to be upregulated. 

In the laboratory, SSH was used to isolate up to 70 candidate genes which appear 
to show altered expression in guinea pig liver following short-term treatment with 
the peroxisome proliferator, WY-14,643 (Rockett, Swales, Esdaile and Gibson, 
unpublished observations). However, these findings have still to be confirmed by 
analysis of the extracted tissue mRNA for differential expression of these sequences. 

Whilst the latest differential display technologies are purported to include design 
and experimental modifications to overcome this lack of efficiency (in both the total 
number of differentially expressed genes recovered and the percentage that are true 
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positives), :it is still not clear if such adaptations are practically effective — proving 
efficiency by spiking with a known amount of limited numbers of artificial 

K cohstruct(s) is one thing, but isolating a high percentage of the rare.messages already 

' present in an mRNA population is another; Of course, some models will genuinely 
produce only a small number of differentially expressed genes. In addition, there are 

• also technical problems that can reduce efficiency. For example, mRNAs may have 
an unusual primary structure that effectively prevents their -amplification by PCR- 
based systems. In addition, J it is known that under certain circumstances not all 
niRNAs have 3'pblyA sites. For example, during Xenopus development, deadenyl- 
ation is (1 used as a means to stabilize RNAs (Voeltz and Steitz 1998), whilst 
preferential deadenylation . may pl^y .a role in regulating Hsp70 (and* perhaps, 
therefore, other stress protein) expression in Drosophila (Dellavalle et al. 1 994). The 

. .presence of deadenylated mRNAs would clearly reduce the efficiency of systems 
utilizing^ a polydT reverse. transcription step. The efficiency of any system also 
depends on the quality, of the starting material. All differential display techniques 
use mRNA as their target material However, it is difficult to isolate mRNA that is 
completely free of ribosomal. RI^A. Even if polydT, primers are used to prime first 
strand cDN A synthesis, ribosomal RNA is often transcribed to some degree 
(Clontech P'CRTSelect cDNA Subtraction kit user manual). It has been shown, at 
least in the case of SSH, that, a high rRN A: mRNA ratio can lead to inefficient 
subtractive , hybridization (Clontech PCR-Select cDNA Subtraction kit user 
manual), and there is no reason to suppose that it will not do likewise in other SH 
approaches. Finally, those techniques thaunilise a presubtraction amplification step 
(e.g. RDA) may present a skewed representation since some sequences amplify 
better than others. 

. Of course, probably the most important consideration is the temporal factor. It 
is clear that any given differential display experiment can only interrogate a cell at 
one point in time. It may well be that a high percentage of the genes showing altered 
expression at that time are obtained. However, given that disease processes and 
responses to environmental stimuli involve dynamic cascades of signalling, 
regulation, production and action, it is clear that all those genes which are switched 
on/off at different times will not be recovered and, therefore, vital information may 
well be missed. It is, therefore, imperative to obtain as much information about the 
model system beforehand as possible, from which a strategy can be derived for 
targeting specific time points or events that are of particular interest to the 
investigator. One way of getting round this problem of single time point analysis is 
to conduct the experiment over a suitable time course which, of course, adds 
substantially to the amount of work involved. 



How sensitive are differential expression technologies? 

There has been little published data that addresses the issue of how large the 
change in expression must be for it to permit isolation of the gene in question with 
the various differential expression technologies. Although the isolation of genes 
whose expression is changed as little as 1.5-fold has been reported using SSH 
(Groenink and Leegwater 1996), it appears that those demonstrating a change in 
excess of 5-fold are more likely to be picked up. Thus, there is a 'grey zone' 
in between where small changes could fade in and out of isolation between 
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experiments and animals. DD, on the other hand, is not subject to this grey 
zone since, unlike SH approaches, it does not amplify the difference in expression 
between two samples. Wan et al. (1996) reported that differences in expression of 
twofold or more are detectable using DD. , . , .. " ' 

* f'' : — '"■ ' •" • -.. , ..• } ■ ., , .. ; """ r " ■ ' ; 

Resolution and visualization oj differential expression products 

It seems' highly imprbbable^with current technology. that a. gel system could be 
developed that is able to resolve all gene species showing altered expression in any 
given test system (be it SH- or DD-based). Polyacrylamide . gel electrophoresis 
(PAGE) can resolve size differences down to 0.2% (Sambroqk et aL 1989) and are : 
used as standard in DD experiments. Even so,it is clear that a complex series of gene 
products such as those seen in a DD. will contain unresolvable components. Thus, 
what appears to be one band ; in a gel may in fact turn out to be several. Indeed it has 
been well documented (Mathieu-Daude et al., 1996, Smith et\al. h-9.97). that a [single 
band extracted from a DD often represents a composite of heterogeneous products, 
and the same has been found, for SSH displays in this laboratory (Rockett et aL 
1997). One possible solution was offered by Mathieu-Daude et al. {1996), who 
extractedand reamplified candidate bands from a DD display and used single strand 
conformation polymorphism (SS CP ) . analysis to confirm which components ' 
represented the truly differentially expressed product. 

Many scientists often try to avoid the use of PAGE where possible because it is 
technically more demanding than agarose gel electrophoresis (AGE). Unfortunately " 
high resolution agarose gels such as Metaphor (FMC, Lichfield, UK) and AquaPor 
HR (National Diagnostics, Hessle, UK), whilst easier to prepare and manipulate 
than PAGE, can only separate DNA sequences which differ in size by around 
1.5-2% (15-20 base pairs for a 1Kb fragment). Thus, SSH, RDA or other such 
products which differ in size by less than this amount are normally not resolvable.' 
However, a simple technique does in fact exist for increasing the resolving power of 
AGE— the inclusion of HA-red (10-phenyl neutral red-PEG.ligand) or HA-yellow 
(bisbenzamide-PEG ligand) (Hanse Analytik GmbH, Bremen, Germany) in a 
gd separates identical or closely sized products on base content. Specifically 
HA-red and -yellow selectively bind to GC and AT DNA motifs/respectively 
(Wawer et al. 1995, Hanse Analytik 1997, personal communication). Since both 
HA-stains possess an overall positive charge, they migrate towards the cathode 
when an electric field is applied. This is in direct opposition to DNA, which 
is negatively charged and, therefore, migrates towards the anode. Thus, if two 
DNA clones are identical in size (as perceived on a standard high resolution 
agarose gel), but differ in AT/GC content, inclusion of a HA -dye in the gel 
will effectively retard the migration of one of the sequences compared to the 
other, effectively making it apparently larger and, thus, providing a means of 
differentiating between the two. The use of HA-red has been shown to resolve 
sequences with an AT variation of less than 1 % (Wawer et al. 1995), whilst Hanse 
Analytik have reported that HA staining is so sensitive that in one case it was used 
to distinguish two 567bp sequences which differed by only a single point mutation 
(Hanse Analytik 1996, personal communication). Therefore, if one wishes to check 
whether all the clones produced from a specific band in a differential display 
experiment are derived from the same gene species, a small amount of reamplified 
or digested clone can be run on a standard high resolution gel, and a second aliquot 



680 



J. C. Rockett et al. 




t * K ; - 




Figure 10. Discrimination of clones of identical/nearly identical sk'e usihc HA.«d n^A. XfA. . "•' • 
size (1-5) were extracted from the fi/al display of a ^sfon £££?$&S£i 
experiment and cloned Seven colonies were picked at random from each cloned band and tE 

gel, and (B a h,gh resolution 2 % agarose gel containing 1 U/ml HA-red With few exceptions aU 
h Jri 7 CaCh ba "^ appCar 10 be the same si " <6 el A)- However, the preslceTrlTred 

asm ^^x;^^^ ^sszifSf 



in a similar gel containing one of the HA-stains. The standard gel should indicate 
any gross size differences, whilst the HA-stained gel should separate otherwise 
T? Moo,f SpeC,eS i° n Standard AG£ ) a "°r*ng to their base content. Geisinger 
et al. (1997) reported successful use of this approach for identifying DD-derived 
clones. Figure 10 shows such an experiment carried out in this laboratory on clones 
obtained from a band extracted from an SSH display. 

An alternative approach is to carry out a 2-D analysis of the differential display 
products. In this approach, size-based separation is first carried out in a standard ' 
agarose gel. The gel slice containing the display is then extracted and incorporated 
m to a HA gel for resolution based on AT /GC content. 

Of course one should always consider the possibility of there being different 
gene species which are the same size and have the same GC/AT content However 
even these species are not unresolvable given some effort-again, one might use 
SSCP , or perhaps a denaturing gradient gel electrophoresis (DGGE) or temperature 
gradient field electrophoresis (TGGE) approach to resolve the contents of a band 
either directly on the extracted band (Suzuki et al. 1991) or on the reamplified 
product. K 

The requirement of some differential display techniques to visualize large 
numbers of products (e.g. DD and GEF) can also present a problem in that, in terms 
of numbers, the resolution of PAGE rarely exceeds 300-400 bands. One approach to 

TmoTo? 8 ? , A mi " ht be t0 use 2 - D * els s "'h as those described by Uitterlinden et 
al. (1989) and Hatada et al. (1991). 
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.Extraction of differentially expressed bands from a gel can be complex since, in 
some cases (e.g. DD, GEF), the results are visualized by autoradiographic means 
such, that precise overlay of ;the developed film on the gel must occur if the%rre& 
band is to be extracted for further, aiialysis. Clearly; a m^udged^ex^ictio^ can' 
account for many man-hours lost, this problem, and thatof the ^xise of radioisotopes; 
ha?, been addressed by several groups. For example; LohnWrw a^(f995y 
de ) n ? i ° nst ^ ated that silver staining caii be used directly to visualize DD bands in 
horizontal. PA Gs. An et al. (1996) avoided the use of radioisotopes by ; transferring a : 
small amount (20-30%) of the DN A from their DD to a riylon membrane, arid 
visualizing the bands using chemUumiriescent stainmg before gbihg'b'ack to extract' 
the remaining DNA from, the gel. Chen and Peck 'a^^V^en'Voke'itepiiirMet'and - ' 
transferred the entire DD to a nylon membrane. The DNA bands were then- 
visualized .using a digoxigenin (DIG) system (DIG Was attached to' the poly df 
primers ; used in the differential display procedure). Differentially expr^ssedbarids^ 
were cut from the membrane and the DNA eliited by washing with PGR buffer prior - 
to reamplification. _ , L . .-..^ ,. , ; . 

One of the advantages of using techniques such as SSH and RDA is that the fihal 
display can be run on an agarose gel and the bands visualized with simple ethidium 
bromide staining. Whilst this approach can provide acceptable results;overliinin¥ > 
with SYBR Green I or SYBR Gold nucleic acid stains (FMC) effectively enhances' 
the intensity and sharpness.of the bands. This greatly aids in their precise extraction 
and often reveals some faint products that may otherwise be overlooked "Whilst 
differential displays stained with SYBR Green I are better visualized using shdrt 
wavelength UV (254 nm) rather than medium wavelength (306 nm), the shorter 
wavelength is much more DNA damaging. In practice, it takes only a few seconds 
to damage DNA extracted under 254 nm irradiation, effectively preventing 
reamplification and cloning. The best approach is to overstain with SYBR Green I 
and extract bands under a medium wavelength UV transillumination. 

The possible use of 'microfingerprinting ' to reduce complexity 

Given the sheer number of gene products and the possible complexity of each 
band, an alternative approach to rapid characterization may be to use an enhanced 
analysis of z small section of a differential display— a 'sub-fingerprint' or 'micro- 
fingerprint'. In this case, one could concentrate on those bands which only appear 
in a particular chosen size region. Reducing the fingerprint in this way has at least 
two advantages. One is that it should be possible to use different gel types, 
concentrations and run times tailored exactly to that region. Currently, one might 
run products from 100-3000 + bp on the same gel, which leads to compromize in the 
gel system being used and consequently to suboptimal resolution, both in terms of 
size and numbers, and can lead to problems in the accurate excision of individual 
bands. Secondly, it may be possible to enhance resolution by using a 2-D analysis 
using a HA-stain, as described earlier. In summary, if a range of gene product sizes 
is carefully chosen to included certain ' relevant ' genes, the 2-D system standardized, 
and appropriate gene analysis used, it may be possible to develop a method for the 
early and rapid identification of compounds which have similar or widely different 
cellular effects. If the prognosis for exposure to one or more other chemicals which 
display a similar profile is already known, then one could perhaps predict similar 
effects for any new compounds which show a similar micro-fingerprint. 



! i An alternative approach to microfingerprinting is to examine altered expression 
in specific, families of genes through' careful selection of PCR primers and/or post- 
reaction analysis. Stress.genes, growth factors arid/or their receptors, cell cycling 
genes, cytochromes'P450 arid regulatory proteins mighrbe considered as candidates 
for analysis in this way. Indeed, some off-the-shelf DNA arrays (e.g. Clontech's 
Atlas' cDNA Expression Array series) already anticipated this to some degree by 
grouping together genes involved in different responses e.g. apoptosis, stress, DNA- 
damage response etc. ,. ' : • ■• 1 '.>.;> ;. : .^ v ... . V 

i >-■■, 1 i ■ •. • — - 

/.:■■ V . • ■ • •■•ectlO;, ' !"i-T.'.„ ' !.;..:.,.• • • 

Screening ''f!' 1 ','" •.'. 9 . 7 *'/"' • , ' 5, ! : .. : -,. ; . :s ..• ...... 

False positives' ' • • -..„ t 

The., generation of falseVpositives has been^discussed', at length amongst the 
differentia] display community:(Liang,£/ all 993 , 1995; Nishio et al 1 994 Sun et al 
1994, Sompayrac et al;; 1995). The reason -for false positives' varies', with the 
technique being used. For instance, in RP A, the use of adaptors, which have not 
been HPLCpurified can lead^o the production of false positives through. illegitimate 
ligation events (O'Neill arid Sinclair 1997), whilst in DD they can arise through 
PCR artifacts and .llegitemate transcription of rRNA: In SH, false positives appear 

t ^A d / n «t1 IargCly fr ° m abundant 8 ene s P ec >«, although some may arise from 
cDNA/mRNA species which do not undergo hybridization for technical reasons 

-A quick.screening of putative differentially expressed clones can be carried out 
using a simple dot blot approach, in which labelled, first strand probes synthesized 
from tester and driver mRNA are hybridized to an array of said clones (Hedrick et 
al. 1984, Sakaguchi et al 1986): Differentially expressed clones will hybridize to 
tester probe, but not driver. The disadvantage of this approach is that rare species 
may not.generate detectable hybridization signals. One option for those using SSH 
is to screen the clones using a labelled probe generated from the subtracted cDNA 
from which it was derived, and with a probe made from the reverse subtraction 
reaction (ClonTechniqufes 1997a). Since the SSH method enriches rare sequences 
it should be possible to confirm the presence of clones representing low abundance 
genes. Despite this quick screening step, there is still the need to go back to the 
original mRNA and confirm the altered expression using a more quantitative 
approach. Although this may be achieved using Northern blots, the sensitivity is 
poor by today's high standards and one must rely on PCR methods for accurate and 
sensitive determinations (see below). 



Sequence analysis 

The majority of differential display procedures produce final products which are 
between 100 and lOOObp in size. However, this may considerably reduce the size of 
the sequence for analysis of the DNA databases. This in turn leads to a reduced 
confidence in the result— several families of genes have members whose DNA 
sequences are almost identical except in a few key stretches, e.g. the cytochrome 
P450 gene superfamily (Nelson et al. 1996). Thus, does the clone identified as being 
almost identical to gene X 0 really come from that gene, or its brother gene X or its 
as yet undiscovered sister X a ? For example, using SSH, part of a gene was isolated 
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which was up-regulated in the liver of rats exposed to Wy-14,643 and was identified 
by a FASTA- search as being transferrin (data not shown). However, transferrin is 
known to be downregulated by hypolipidemic peroxisome proliferatprs such as Wy- 
14,643 (Hertz et aj. 1996), and this was- confirmed with subsequent RT-RCk " 
analysis. This:suggests that the gene sequence isolated may belong to a gene which 
is closely related to transferrin, but is regulated by a different mechanism. : 

A further problem assdciated-with SH technology is redundancy. In most cases 
before SH is carried out, the.cDNA population must first be simplified bv restriction 
digestion. This is important for at least two reasons : 

(1) To reduce complexity-long cDNA fragments may form complex networks 
which prevent„the formation of appropriate hybrids, especially , at the high 
concentrations required for efficient hybridization. 

(2) Cutting the cDNAs into small fragments provides, better representation of 
individual genes. This is because genes derived from - related but distinct 
members^of gene families ofteri;have similar coding sequences that may cross- ' 
hybridize and be eliminated during the subtraction procedure (Ko 199D). 
Furthermore, different fragments from the same cDNA may differ considerably 
in terms of. hybridization and amplification and, thus, may riot efficiently do one 
or the other (Wang arid Brown 1991). Thus, some fragments from differentially 
expressed cDNAs . may be eliminated during subtractive hybridization, pro- 
cedures. However, other fragments may be enriched and isolated. As a 
consequence of this, some genes will be cut one or more times, giving rise to two 
or more fragments of different sizes. If those same genes are differentially 
expressed, then two or more of the different size fragments may come through " 
as separate bands on the final differential display, increasing the observed 
redundancy, and increasing the number of redundant sequencing reactions. - 

Sequence comparisons also throw up another important point— at what degree 
of sequence similarity does one accept a result. Is 90% identitiy between a gene 
derived from your model species and another acceptably close? Is 95% between 
your sequence and one from the same species also acceptable? This problem is 
particularly relevant when the forward and reverse sequence comparisons give 
similar sequences with completely different gene species! An arbitrary decision 
seems to be to allocate genes that are definite (95% and above similarity) and then 
group those between 60 and 95% as being related or possible homologues. 

Quantitative analysis 

At some point, one must give consideration to the quantitative analysis of the 
candidate genes, either as a means of confirming that thev are trulv differentially 
expressed, or in order to establish just what the differences are. Northern blot 
analysis is a popular approach as it is relatively easy and quick to perform However 
the major drawback with Northern blots is that they are often not sensitive enough 
to detect rare sequences. Since the majority of messages expressed in a cell are of low 
abundance (see table 1), this is a major problem. Consequently, RT-PCR may be the 
method of choice for confirming differential expression. Although the procedure is 
somewhat more complex than Northern analysis, requiring synthesis of primers and 
optimization of reaction conditions for each gene species, it is now possible to set up 
high throughput PCR systems using mulitchannel pipettes, 96 +-well plates and 
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carcinogenic effecr Whilst differential display technology cannot hope to answer 
these quesaons, it does provide a springboard from which identificatiolreg^ 
andfunct.onalstudiescanbe.launched.U^^^ 

cellar responses ■ * almost impossible without knowing the regulation and Son 
of those genes and thjir. condition i( e,g. mutated).;in an abstract sense; ^iffeg 
display -can be likened to a still photograph, showing details of a fixed moment £ 
time. Consider the Historian who knowsthe outcome of a battle and the plaTemeS 
and condign of the troops before the battle commenced, but is ; ask^ % m^and 
deduce how the battle- progressed .and -why it ended as ^did :from a ^ 
photographs^an impossible task. Ih.orderto understand the battie.^e hSo^ 
must find out the capabilities and motivation of the soldiers and, thei 
officers, what the orders were and whether they were obeyed^S^ 
terrain, the remains o the battle and consider the effects, the prevailmgTather 
conditions exerted.^kewise, -if mechanistic answers are to b fortncomnT ^ 
saentist must use^drfFerential display in combination with other techniaueT^h^ 
knockout -hnology.theanaJysisofcellsignallingp 

time and, dose response analyses. Although this review has empSd ^ 
importance of differential gene profiling, it should not be.onsidered ^isolation -d 
he full impact of this approach will be strengthened if used in combinatTon wTth 
funcuonal genom.cs and proteomics (2-dimensional protein gels frorn^olSc 
focusing and subsequent SDS electrophoresis and virtual 2D-maps usTn^apillary 
electrophoresis). Proteomics is attracting much recent attention as many of th^ 
changes resulting m differential gene expression do not involve changes in mRNA 
levels, as decnbed exte„s,vely herein, but rather protein-protein, protem-DNA and 
protein phosphorylauon events which would require functional genomil or 
proteomic technologies for investigation. genomics pr 

Despite the limitations of differential display technology, it is dear that manv 
potential apphcations and benefits can be obtained from characterizing the genetic 
changes that occur in.a cell during normal and disease development S£ 
to chemical or biologica insult. In light of functional data, such profiHng wnl 
pro V1 de « fingerprint' of each stage of development or response, and in the W 
7 Sh f °" ld heIp , » th , e elucid "'0" of specific and sensitive biomarkers for dtferent 
types of chemical/b 10 logical exposure and disease states. The potential medical and 
therapeutic benefits . of understandmg such molecular changes are almo St m 
measurable. Amongst other things, such fingerpnnts could indicate the iam W or 
even specific type of chemical an individual has been exposed to plus the" ngth 
and/or acuteness of that exposure, thus indicating the most prudent treaSt 
They may also help uncover differences in histologically identical cancers, prTvTde 
diagnostic tests for the earliest stages of neoplasia and, again, perhaps indicate he 
most efficacious treatment. 

The Human Genome Project will be completed early in the next century and the 
DNA sequence of all the human genes will be known. The continuing devdopmen 
and evoluuon of differential gene expression technology will ensure that thi 
knowledge contributes fully to the understanding of human disease processes. 
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SUMMARY 



^The technique of differentia] display reverse transcription-polymerase chain reaction (ddRT-PCR) has been used to produce unique 
profiles of up-regulated and down-regulated gene expression in the liver of male Wistar rats following short term exposure to the 
non-genotoxic hepatocarcinogens, phenobarbital and WY- 14,643. Animals were treated for 3 days, whereupon their livers were 
extracted and snap frozen. mRNA was prepared from the livers and used for ddRT-PCR. Individual bands from the differentia) 
displays were extracted and cloned. False positives were eliminated by dotblot screening and true positives then sequenced and 
identified. 



INTRODUCTION 

Safety evaluation of new chemicals usually necessi- 
tates the examination of genotoxic and carcinogenic 
potential using short-term in vitro and in vivo geno- 
toxicity assays augmented by chronic bioassay tests. 
The short-term assays have proved useful in the early 
identification of potential genotoxic carcinogens, but 
their value is limited by observations which suggest 
that approximately 60% of chemicals identified as car- 
cinogens in life-exposure studies produce mainly 
negative findings in short-term genotoxicity tests (1,2). 
Thus, there is currently no reliable and rapid means of 
evaluating the carcinogenic risk of new chemicals 
which fall into this latter group of compounds, termed 
non-genotoxic (or epigenetic) carcinogens. 



Please send reprint requests to : Dr John Rockett, Molecular 
Toxicology Group, School of Biological Sciences, University 
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It is now evident that non-genotoxic carcinogens 
constitute a group of chemicals which are not only di- 
vergent in their interspecies toxicity, but also demon- 
strate different target organ selectivities and mecha- 
nisms of action (3,4). Elucidation of the molecular 
mechanisms underlying non-genotoxic carcinogenesis 
is currently underway, but the picture is still far from 
complete. It is anticipated that a better understanding 
of the early changes in genetic expression following 
exposure to non-genotoxic carcinogens will aid devel- 
opment of experimental strategies to identify cellular 
markers which are diagnostic for this type of toxicity. 

Subtractive ddRT-PCR is a recently developed 
technique which facilitates the preferential amplifica- 
tion of gene products that demonstrate altered expres- 
sion in target tissue(s) following exposure to chemical, 
stimuli. Furthermore, using this technique, no prior 
knowledge of the specific genes which are up/down 
regulated is required. In the current study, we have un- 
dertaken to develop a specific and rapid assay for non- 
genotoxic carcinogens using the technique of ddRT- 
PCR. This has allowed us to identify characteristic 
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patterns of gene regulation following administration of 
two different non-genotoxic carcinogens (phenobarbi- 
tal and Wy-14,643) and the subsequent identification 
of individual gene species which are regulated by this 
xenobiotic treatment 



MATERIALS AND METHODS 
Animals and treatment 
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the DNA eluted using a Genelute™ Agarose Spin Col- 
umn (Supelco, Bellefonte). An aliquot of the eluted 
DNA (5 *il) was re-amplified using the original ddRT- 
PCR nested primers and electrophoresed on a 2% 
agarose gel. The re-amplified band was extracted from 
the gel (as above) and the eluted DNA ligated directly 
into the TOPO TA Cloning® vector (Invitrogen, 
Carlsbad) before transformation in Escherichia coli 
TOP10F One Shot™ cells (Invitrogen). 



Phenobarbital (BDH, Poole, UK; 100 mg/kg/day) or 
[4-chloro-6-(23-xyIidino)-2-pyrimidinylthio] acetic 
acid (Wy-14,643) (Campo, Emmerich; 250 
mg/kg/day) was administered by gavage to groups of 
3 male Wistar rats (150-200 g) on three consecutive 
days, whilst control animals received nothing. All ani- 
mals had free access to food (rat and mouse standard 
diet, B&K Universal, Hull, UK) and water. The ani- 
mals were killed on the fourth day, whereupon their 
livers were excised, sliced into 0.5 cm cubes, snap fro- 
zen in liquid nitrogen and then stored at -70°C 



mRNA extraction 

Up to 0.25 g of each frozen liver sample was ground 
under liquid nitrogen using a mortar and pestle. 
mRNA was extracted from the ground liver using 
Promega's PolyATtract® System 1000 (Promega, 
Madison, WI, USA) according to the technical man- 
ual. The mRNA was DNase-treated (Promega, final 
concentration 10 U/ml) before phenol/chloroform ex- 
traction and ethanol precipitation. The mRNA was re- 
suspended at a final concentration 500-1000 ng/|il. 



ddRT-PCR 

This was carried out using the PCR-Select™ cDNA 
Subtraction Kit (Clontech, Palo Alto, CA, USA) ac- 
cording to the manufacturer's instructions. Final PCR 
reactions were run on a 2% Metaphor agarose (FMC, 
Rockland, MD, USA) gel containing ethidium bro- 
mide (Sigma, Dorset, UK) and then overstated for 30 
min with SYBR Green I DNA stain (FMC, 1:10 000 
dilution in TAE). 



Stage 1 screening 

Twelve transformed (white) colonies from each band 
were grown up for 6 h in 200 ^ LB broth containing 
ampicillin (Sigma, 50 jig/ml) and 1 nl of this ampli- 
fied by PCR reaction (as specified in ddRT-PCR tech- 
nical manual). One quarter of the completed reaction 
was electrophoresed on a standard 2% agarose gel and 
one quarter on a 2% agarose gel containing HA Yel- 
low (Hanse Anaiytik GmbH, Bremen, Germany, 1 
U/fil) to discern the different cloning products. The re- 
mainder was used to prepare duplicate dotblots on Hy- 
bond N+ (nylon) membranes (Amersham, Litde Chal- 
font, UK). Cultures containing different cloning prod- 
ucts were grown up and a plasmid miniprep prepared 
from each (Wizard Plus SV Minipreps DNA Purifica- 
tion System, Promega) according to the manufac- 
Hirer's instructions. 



Stage II screening 

The duplicate dotblots were probed with: (a) the final 
differential display reaction; and (b) the 'reverse-sub- 
tracted' differential display reaction. To make the 're- 
verse-subtracted' probe, the subtractive hybridisation 
step of the ddRT-PCR procedure was carried out using 
the original tester cDNA as a driver and the driver as 
a tester. Probing and visualisation were carried out us- 
ing the ECL Direct Nucleic Acid Labelling and Detec- 
tion System (Amersham) according to the manufac- 
turer's instructions. Tfcose clones which were positive 
for (a) but negative for (b), or showed a substantially 
larger positive signal with (a) compared to (b), were 
chosen for further analysis. 



Band extraction and cloning 

Each discernible band from the differential display 
pattern was extracted from the gel with a scalpel and 



DNA sequencing 

Positive clones as identified above were sequenced on 
an automated ABI DNA sequencer (Applied Biosys- 
terns, Warrington, UK). 
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Fig. 1 : (A) Subtractive ddRT-PCR patterns obtained from rat liver following 3-day treatment with WY-14,643 or phenobarbital Lane 
«, 1 ,^L addCr; , ' g . enCS "P"^ 131 ^ blowing Wy.14-643 treatment; lane 3. genes down-regulated following 
Wy.14-643 treatment; lane 4 genes up-regulated following phenobarbital treatment; Jane 5. genes down-regulated following 
phenobarbital treatment; and lane 6, lkb ladder. -(B) Subtractive ddRT-PCR patterns obtained from rafb verging relativf 
changes when phenobarbital treated mRNA is subtracted from Wy-14,643-treated niRNA and vice-versa. Lane 1 1 kb 
ladder, lane 2, genes showmg increased expression following Wy-]4,643 treatment compared to phenobarbitaJ treatment: 
lane 3. genes showing increased expression following phenobarbital treatment compared to Wy-14 643 treatment. See 
Materials and Methods for further details. . , - * 




Fig. 2 : Re-amplified ddRT-PCR products which were down-regulated following phenobarbital treatment (upregulated bands were also 
re-amplified but gel not shown). Individual DNA bands excised from gel of ddRTR-PCR reactions were extracted 
re-amplified and run on agarose gels to confirm amplification of correct band (numbered). See Materials and Methods for 
further details. 
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TWeJiXx twr geoes'down.iegiilated by pbenobartrita] treatment 

Band number (Fig. 2) 
(Approximate size in bp) 

1 (1500) 

2 (1200) 




F bSTA-EMBLgene identification 




3 (1000) 



. 7(700) , 4 



t 8(650) 

,9(600) 

'7 10 (550) . 

- 1 11 (525) 

■'- 12^375) ; 

r 13(230) 



14 (170) 
, v 15 (140). 
Others: (300) 
(275) 



Clone 1 
Clone 2 
Clone 3 
Clone;! 
r. Clone 21 
' Clone 1 
Clone 2 



Clone 1 
Clone 2 
Clone 3 



. 92.3% 
91.7% 
772% 
94.5% 

AW 50% 
i 86.9%, 
-*;96.2%- 
;86.9% 
82:0% 
! ; 73.8% li: 
95.7% 

iob:o%; 

97J2%. 
100.0% 
100.0% 

96.0% 

97.3% 

96.7% 
.93.1%:-. 



Rat mRNA;fc>r ^j^cytaA tWotase 
Rat hemopo)dn mRNA " ' 
l; R,/ato/salph*2^ mRNA 
M. muscuius mRNA for CI inhibitor 
Rat electron transfer fiavoprotein 
: »Mc>use topoisomerase 1 (Topo 1) mRNA 

Soares 2NbMT M. muscuius (EST) 
v Rat aipha-2i^globuBn (s-type) mRNA r "- 
" Soarfs mouse NML /If. muscuius (£ST) : 
Soare* p3NMF19.5 M.muscutus (EST) ^ ; : 
Soares mouse NML M. muscuius (EST) ' 
^C)_CGAF?_Ph : sapiens (ESt) ! 

norvegicus mRNA for ribosbmal protein 
Soares mouse err^ryo : NbME135,(EST) " 
Rat fibrinogen B-beta-chain 
Rat apolipoprotein E gene 
Soares p3NMF19.5 M. muscuius (EST) 
Stratagene mouse testis (EST) , 
R.norvegicus RASP 1, mRNA c - ...... 

Soares mouse mammary gjahd (EST) 



n fln/Jt . ^ ' , EST e expressed sequence lag. ^ ; 

Bands 4^ were shown to be, false positives by dotblot analysis and. therefore, not sequenced. 



Table II : Rat liver genes up-regulated by phenobarbital treatment 

Band number 
(Approximate size in bp) 




■ FASTA-EMBL gene identification 




8(950) 
10(650) 
11 (800) 

12(750) 

15(600) 

16 (550) 

21 (350) 



Clone 1 
Clone 2 



Clone 1 
Clone 2 



98.3% 
95.7% 
94.9% 
75.3% 
93.8% 

92.9% 

95.2% 
93.6% 
99.3% 



Rat cytochrome P450IIB1 
mRNA for rat preproalbumin 
Rat serum albumin mRNA 
NCLCGAP_Pr1 sapiens (EST) 
Rat cytochrome P450IIB1 
Rat cytochrome P450IIB1 
Rat cytochrome p450-L (p450IIB2) 
Rat TRPM-2 mRNA 
Rat mRNA for sulfated glycoprotein 
mRNA for rat preproalbumin 
Rat serum albumin mRNA 
Rat cytochrome P450IIB1 
Rat haptoglobin mRNA partial alpha 
R norvegicus genes for 18S, 5.8S & 28S rRNA 



1 
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Identification of deferentially-regulated 
genes - - - 



' Gene-sequences yttrt identified using the FASTA pro- 
gramme (http^/w^wxbi.ac.uk/hibin^asta.py?request) 
to search all EMBL databases for matching DNA se- 
quences. z*>Jr / \ I 



RESULTS 



Figure lA f B shows the ddRT-PCR patterns of genes 
showing altered; expression in rat liver following 3 day 
treatment with phenobarbital or Wy-14,643. Individual 
bands were isolated from the phenobarbital-modulated 
patterns (both up- and down-regulated), re-amplified 
(Fig. 2), cloned; screened for false positives and then 
identified. Those xenobiotic-modulated gene products 
identified to date are listed in Tables I and II. 



DISCUSSION 

The advent of combinatorial chemistry has led to the 
synthesis of millions of new chemical compounds, 
many of which may be potentially useful In pharma- 
ceutical, agricultural or industrial applications. How- 
ever, whilst there are tests available for those posing a 
genotoxic activity, there remains no short-term assay 
able to identify those chemicals which may belong to 
the non-genotoxic group of carcinogens. 

We have used an adaptation of the subtractive hy- 
bridisation method - ddRT-PCR - to produce charac- 
teristic profiles or 'fingerprints' of those genes which 
are up-regulated or down-regulated in male rat liver 
following acute exposure to test chemicals.. The ddRT- 
PCR profiles are characteristic and unique for each of 
the 2 compounds studied to date. 

A number of those gene species showing altered 
expression following phenobarbital treatment have 
been cloned and identified (Tables I & II). It is inter- 
esting to note the presence of CYP2B2 in the up-regu- 
lated genes. This would, of course, be expected fol- 
lowing exposure to phenobarbital and serves as a posi- 
tive control for the method. Other genes which one 
might normally expect to be up-regulated do not ap- 
pear in the table. However, it should be noted that not 
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all bands seen on the differential display were ex- 
tracted and ^amplified due to their being too faint or 
too close toother bands to accurately excise. Further- 
more, it has. been well documented [(5) and references 
therein] that\a single band extracted from a differential 
display oftenjepresents a composite of heterogeneous 
products. We are currently examining new methods to: 
(i) improve : ;resoiution of the differential display pat- 
terns (including 2-D agarose gels); and (ii) distinguish 
those ddRT-PCR products which are identical in sizt, 
but different in sequence. 

Our future efforts will be directed towards deter- 
mining the extent of modulation of a number of the 
genes reported; herein using semi-quantitative RT- 
PCR. This should reveal the extent of changes in ex- 
pression of key gene products which may be involved 
in non-genotoxic hepatocarcinogenesis and thus help 
increase understanding of this process. Furthermore, it 
is anticipated that aligning ddRT-PCR profiles of dif- 
ferent non-genotoxic agents found in responsive and 
non-responsive species may enable identification of 
those genes which are .mechanistically relevant* to the., , 
non-genotoxic hepatocarcinogenic process. Accord- ■ 
ingly, this approach lends itself well to the identifica- s 
.tion, characterisation' and ^classification of possible 
different classes of non-genotoxic carcinogens. 

ACKNOWLEDGEMENT 

This work was funded by Rhone-Poulenc Agrochemicals. 
France 



REFERENCES 

1. Parodi S. (1992) : Non-genotoxic factors in the carcinogenic 
process: problems of detection and hazard evaluation Toxicol 
Lett.. 64/65. 621-630. 

2. Ashby J. (1992) : Prediction of non-genotoxic carcinogenesis 
Toxicol. Lett. 64/65, 605-61 2. 

3. Grasso G. and Sharratt M. (1991) : Role of persistent, 
non-genotoxic tissue damage in rodent cancer and relevance to 
humans. Annu. Rev. Pharmacol. Toxicol.. 31. 253-287. 

4. Lake B. (1995) : Mechanisms of hepatocarcinogenicity of 
pcroxisome-proliferating drugs and chenucals. Annu Rev 
Pharmacol. Toxicol.. 35, 483-507. 

5. Smith N.R.. Li A.. Aldersley M. High A.S.. Markham A.E.. 
Robinson P. A. (1997) : Rapid determination of the complexity 
of cDNA bands extracted from DDRT-PCR polyacrylamide 
gels. Nucleic Acids Research 25 (17). 3552-3554 




'ism c 




ROCKETT- EXHIBIT E 

Docket No.: FF-0594 USN 
USSN: 09/786,797 



ELSEVIER 



7 .vToxicology 144 (2000), 13-29 



www.elsevierxom/locate^^ 



; f 



Use of-suppression-PCR subtraetive hybridisation to identify 
f; genes ( ^ in male rat and 

| guinea pig livers following exposure to Wy-14,643, a 
peroxisome pr olifer ator ^ and non-genotoxic hepatocarcinogen 

John G.< Rbckett \ Karen E. Swales, David J. Esdaile 2 , G. Gordon Gibson* 

Molecular Toxicology Group, School of Biological Sciences, University of Surrey, Guildford, Surrey GU2 5XH y UK 



Abstract 

Understanding the genetic profile of a cell at all stages of normal and carcinogenic development should provide an 
essential aid to developing new strategies for the prevention, early detection, diagnosis and treatment of cancers. We 
have attempted to identify some of the genes that may be involved in peroxisome-proliferator (PP)-induced 
non-genotoxic hepatocarcinogenesis using suppression PCR subtraetive hybridisation (SSH). Wistar rats (male) were 
chosen as a representative susceptible species and Duncan-Hartley guinea pigs (male) as a resistant species to the 
hepatocarcinogenic effects of the PP, [4-chIoro-6-(2,3-xyIidino)-2-pyrimidinylthib] acetic acid (Wy-14,643). In -each 
case, groups of four test animals were administered a single dose of Wy-14,643 (250 mg/kg per day in corn oil) by 
gastric intubation for 3 consecutive days. The control animals received corn oil only. On the fourth day the animals 
were killed and liver mRNA extracted. SSH was carried out using mRNA extracted from the rat and guinea pig 
livers, and used to isolate genes that were up and downregulated following Wy-14,643 treatment. These genes 
included some predictable (and hence positive control) species, such as CYP4A1 and CYP2C11 (upregulated and 
downregulated in rat liver, respectively). Several genes that may be implicated in hepatocarcinogenesis have also been 
identified, as have some unidentified species. This work thus provides a starting point for developing a molecular 
profile of the early effects of a non-genotoxic carcinogen in sensitive and resistant species that could ultimately lead 
to a short-term assay for this type of toxicity. © 2000 Elsevier Science Ireland Ltd. All rights reserved. 

Keywords: Wy-I4 f 643; Peroxisome proliferator; Non-genotoxic hepatocarcinogenesis; Suppression PCR subtraetive hybridisation; 
RT-PCR; Rat; Guinea pig; Gene regulation; Differential gene display; Gene profiling 
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Introduction r r • - 

The advent of ^combinatorial d chemistry and 
)mputer-aided drug design has led to a recent: 
Dsurge in :the number ^df chemical compounds 
at have potential therapeutic, agricultural and 
dustrial applications. Although it has been sug- 
sted that the contribution of synthetic chemicals 
the overall incidence of human cancer is low, 
ere still : remains an ' absolute requirement to 
aluate all new chemicals for toxic and daemo- 
nic potential. The latter is one of the most 
oblematic areas of chemical safety evaluation 
d is usually carried out using short-term in vitro 
d in vivo genotoxicity assays augmented by 
ronic bioassay tests. The short-term assays have 
3ved useful in the early identification of poten- 
1 genotoxic carcinogens, but their value is lim- 
i by observations that suggest that 
oroximately 60% of chemicals identified as car- 
ogens in life-exposure studies produce mainly 
native findings in short-term genotoxcity tests 
shby, 1992; Parodi, 1992). Thus, there is cur- 
tly no reliable and rapid means of evaluating 
carcinogenic risk of new chemicals that fall 
) this latter group of compounds, termed non- 
otoxic (or epigenetic) carcinogens. 
)ne approach to addressing this problem is to 
:idate the molecular mechanisms by which 
>wn non-genotoxic carcinogens act. It should 
n be possible to identify common factors/ 
:hanisms that can serve as early biomarkers of 
:inogenic potential for new chemicals. To this 
, a large number of groups have reported on 
various effects of non-genotoxic compounds 
various animal species (Marsman et al., 1988; 
e et al., 1993; Cattley et al.', 1994; Hayashi et 
1994; Human and Experimental Toxicology, 
4; Anderson et al., 1996). However, the.mech- 
tic picture is still far from complete with many 
hose genes involved in the carcinogenic pro- 
remaining unknown, and their identification 
afore remains a key goal in elucidating the 
jcular mechanisms by which non-genotoxic 
inogenesis occurs. 

ibtractive hybridisation (SH) and related tech- 
gies such as representational difference analy- 
(RDA) (Hubank and Schatz, 1994) and 



differential display. (DD) (Liang, and, Pardee 
1992) can be used, to, aid ..the.. isolation oif, ; genes 
_, showing altered expression in target , tissues fol- 
lowing exposure to a . chemical stimulus. These 
:.j techniques can also be; used, to.identify. differential 
■ gene expression in neoplastic, , and normal cells 
(Liang et al.,, 1992), infected and normal . cells 
(Duguid and Dinauer, 1990), "differentiated- and 
undifferentiated cells (Sargent .and Dawid, 1983; 
. Guimaraes et.al., 1995), activated .and dormant! 
cells (Gurskaya et al., 1996; Wan et al., ; .1996), 
different cell types. (Hedrick et al., 1984; Davis et, 
al., 1984) amongst others. Most importantly, us- 
ing such approaches, no prior knowledge* of the 
specific genes that are' upregulated/downregulated 
is required. "' ' . . " v ' 

Using a variation of SH, termed' suppression- '' 
PCR subtractive hybridisation (SSH),(Diatctienko ' 
et al., 1996), we have previously reported the." 
isolation of a number of genes showing altered, 
expression in male rat liver following acute expo- : 
sure to pheriobarbitar (Rbckett et al., 1997). in 
the current work we have used the same experi- 
mental approach to isolate genes that are differen- 
tially expressed in the livers' of male rats and 
guinea pigs following short-term (3-day) exposure : 
to the peroxisome proliferator (PP) and. non- 
genotoxic hepatocarcinogen, Wy-14,643. We have 
isolated and identified a number of gene species, 
some of which may be important in the induction 
of, or protection against, non-genotoxic 
hepatocarcinogenesis. 



2. Materials and methods 

2.1. Animals and treatment 

All animal experiments were undertaken in ac- 
cordance with Her Majesty's Home Office De- 
partment guidelines under the auspices of 
approved personal and project licences. Male 
Wistar rats (150-200 g) and male Duncan-Hart- 
ley guinea pigs (250-300 g) were obtained from 
Kingman and Bantam (Hull, UK). Upon receipt, 
both groups were randomly assigned into two 
groups of four. They were maintained on a rat, 
mouse or guinea pig standard diet (B&K Univer- 
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.sal, Hull) and a daily cycle of alternating 12?h 
. periods of dark and light. The room temperature 
wai maintained at. \9 9 G and a.relative humidity of 
■55%: The animals-were acclimatised to this envi- 
ronment for 7' days before treatment commenced. 
« [4-chloro-6-(^3rxyIidinb>2rpyrimidinyhhi6] acetic 
Ji add. Wy- 14.643, 1 Campo; Emmerich; ;s250. mg/kg 
ipef day in corn oil) was administered by gavage 
: 'to the treated groups of rats and guinea pigs: on 3 
^consecutive" days, whilst control ^groups . received 
^an equal volume' of cora oil only.- During this 
time, all animals had free access to food and 
<• water. The animals' were killed by cervical disloca- 
tion on the fourth day, and their livers immedi- 
ately excised^ weighed, sliced into approximately 
' 0.5-cm cubes,- snap frozen in 'liquid nitrogen . and 
' 'stored at — :70*G. < ' r ... 

mRNA -extraction ^ , 

'■ Approximately 0;25 g of each frozen liver sam- 
ple' was ground under liquid nitrogen using a 
mortar and pestle. Messenger RNA was. extracted 
..from the ground liver using the PolyATtract® 
: System 1000'kit (Promega, Madison, USA) ac- 
cording to the technical manual provided by the 
manufacturers. The mRNA was DNase-treated 
(RQ Rnase-free Dnase, Promega, final concentra- 
tion 10 U/ml) before phenol/chloroform extrac- 
tion and ethanol precipitation. The mRNA was 
redissolved at a final concentration 500-1000 ng/ 

2.3. cDNA Subtraction 

This was carried out using the PCR-Select™ 
cDNA Subtraction Kit (Clontech, Palo Alto, 
USJ||-according to the manufacturer's instruc- 
tions^Subtractions were carried out with mRNAs 
derived from single animals. The mRNA from the 
remaining three animals in each group was later 
used for quantitative RT-PCR analysis of specific 
genes. 

2.4. Band extraction and cloning 

The secondary PCR reactions from the cDNA 
subtraction procedure were run on a 2% 



Metaphor agarose gel (FMC, Rockland, USA) 
containing 0.5 ug/ml ethidium bromide (Sigma 
; Dorset, UK). One times TAE (0.04 M Tris-ac- 
etate, 0.001 M EDTA) was used to prepare the gel 
and as the nmhing buffer.' After running for 6-7 
' ' h *V3..75 Y/cm. the. gel was overstained for 30 min 
with SYBR Green I DNA stain (FMC, 1:10000 
dilution in 1 x TAE). Each discernible band of 
. the differential display pattern was extracted from 
the gel with a scalpel and the DNA eluted using a 
sGenelute™ agarose spin column (Supelco, Belie- 
< fonte, USA). Five microlitres of the eluted DNA 
was reamplified using the original nested (sec- 
ondary) PCR primers supplied with the PCR-Se- 
lect™ cDN A subtraction kit. The PCR products 
were electrophoresed on a 2% standard agarose 
• gel (Boehringer Mannheim, East Sussex, UK) and 
the r reamplified target bands extracted from the 
gel as above. The eluted DNA was immediately 
ligated into a TOPO TA Cloning* vector (Invitro- 
gen, Carlsbad, USA) before transformation in 
Escherichia coli. TOP10F' One Shot™ cells 
(Invitrogen). 

2.5. Colony screening 1 

2.5.1. Stage I , ... . 

Eight transformed (white) colonies from each 
band were grown up for 6 h in 200 ul LB broth 
containing ampicillin (Sigma, 50 mg/ml). One mi- 
, crolitre of this was subjected to PCR using the 
same conditions and nested primers as described 
above. One tenth (2 ul) of the completed PCR 
reaction was electrophoresed on a 2% standard 
agarose gel and one tenth on a 2% standard 
agarose gel containing HA red (Hanse Analytik 
GmbH, Bremen, Germany, 1 U/ml) to discern the 
differentially cloned products. The remainder of 
the PCR reaction was used to prepare duplicate 
dotblots on Hybond N + membranes (Amersham 
Little Chalfont, UK). 

2.5:2. Stage II 

The duplicate dotblots were probed with (a) the 
final differential display reaction and (bj the 're- 
verse-subtracted' differential display reaction. To 
make the 'reverse-subtracted' probe, the subtrac- 
tive hybridisation step of the differential display 
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^T-PCR^prdceciWe was carried out using the 
original tester (treated) mRNA, as the driver and 
he original driver; (control) mRNA as the tester, 
^robirig and visualisation were carried out using 
he ECL direct nucleic acid labelling and detec- 
ion system XAmersham, Little Chalfont, UK) ac- 
;ording tp ; the manufacturer's instructions. Those 
;lones. that were positive for (a) but negative for 
b), or showed a substantially larger positive sig- 
lal with (ai) compared to (b), were selected for 
)NA sequence analysis. 

\6. DNA sequencing 

The 'remainder of the cultures (prepared in 
tage I screening) containing different cloning 
products (as discerned in the two screening steps) 
/ere grown up overnight in 5 ml LB broth con- 
aining ampicillin (50 mg/ml). A plasmid miniprep 
as prepared from each (Wizard Plus SV 
linipreps DNA purification system/ Promega), 
ccording to the manufacturer's instructions. The 
I oned inserts were sequenced on an automated 
.BI DNA sequencer (Applied Biosystems, War- 
ngton,' UK) using the Ml 3 forward primer 
3TAAAACGACGGCCAGT) or M13 reverse 
rimer (AACAGCTATGACCATG). 

7. Identification of differentially regulated genes 

Gene sequences thus obtained were identified 
sing the FASTA 3.0 programme (Lipman and 
parson, 1985; Pearson and Lipman, 1988) (http:/ 
/ww.ddbj.nig.ac.jp/E-mail/homology.html) to 
arch all EMBL databases, for matching DNA 
quences. Each clone sequence was, submitted in 
e forward and reverse direction, and the one 
turning the highest statistical probability of 
atch to a known sequence was noted. Sequence 
>mologies between our submitted clone sequence 
d the queried database sequence were deter- 
ined (by FASTA) over a region of at least 60 
se pairs. 

I RT-PCR analysis of selected candidate genes 

:DNA sequences of the target genes were ob- 
ned from the NIH gene database (GenBank at 
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html) and the- computer programme -<}ene- 
jockey (BioSoft; Cambridge, UK) used to select 
primer pairs from these sequences. Where guinea " 
pig sequences.. /available/ 'rat and guinea pig 
sequences were .aligned and primers chosen from 
regions, of homology. If guinea pig sequences were 
not available, rat and -human sequences were 
used. In cases where exact homology could not be 
found, the sequence from the rat was used. In the 
case o£ CD81 only, no rat or guinea pig sequences 
were available and so mouse and human se- 
quences were aligned and a primer pair chosen 
from : a region of Homology: ' 'Primers* (obtained 
from pibco.BRL, Paisley, l|K). were dissolved at 
a concentration,.of 50 pmol)|il in sterile distilled 
water and stored at - 20°C. The primer pairs 
used plus other reactiorf'parameters arfe shown in 
Table 1 mRNA was extracted (as described 
above) from all .foiir treated animals;and from 
three animals in the control group. Integrity of 
the eluted mRNA was confirmed on a 2% agarose 
gel, and the concentration and "purity were mea- 
sured using a Genequant II spectrophotometer 
(LKB, Bromma, Sweden) and then diluted to 10 
ng/nl. One microlitre of this latter solution was . . 
used per RT-PCR reaction. '". 

RT-PGR was carried out in a single tube (50 
reaction using the Access RT-PCR system 
(Promega) according to manufacturer's instruc- 
tions. In the kinetic and quantitative analyses, 
omission of RNA was used as a control for the 
presence of any contaminating DNA. After ob- 
taining a PCR signal of the correct size and 
optimising the reaction conditions, each PCR 
product was digested with between two and four 
separate restriction enzymes. Specific restriction . 
patterns were thus obtained, which further confi- - 
rmed the identity of the PCR products as being 
the original target genes. Kinetic analysis (14-32 
cycles) was then performed in each case to deter- 
mine the location of the mid-log phase. 

For the semi-quantitative analysis of each ; 
target gene, RT-PCR reactions were carried out in ■ 
triplicate for each sample to reduce the effect of 
intertube RT-reaction variations (Kolls et aI M 
1 993) and pipetting errors. For each gene, a mas- 
termix containing enough reagents for three times 
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the number of samples (seven for rat, six for 
guinea pig) was prepared except that mRNA was 
omitted, the latter being added after iliq iioting 49 
\il .;. of the mastermix into an appropriate number 
of tubes. Amplification of . albumin (the reference 
gene) 1 was carried out in separate tubes since the 
mid-log phase of this gene is at a much lower 
cyble number than the target genesjdue to its high 
abundance. All RT-PCR products were analysed 
on 2% agarose gels containing 0.5 ng/ml ethidium 
bromide. The target gene samples were loaded on 
the/gel first and run iii ai 3 V/cm for 10 min. The 
corresponding albumin samples were then loaded 
andthe gel run for a further 1/2 h. In this way, all 



^T T PCR products from each target ■ gene and 
albumin from the corresponding samples could be 
run on the same gel. Gels were photographed 
using type 665 posi-rieg film (Sigma) arid quanti- 
tation of the band intensity was carried out using 
a dual wavelength flying spot laser scanner densit- 
ometer (Shimadzu). 

2.9? Statistical analysis^ 

^Statistical analysis of unpaired samples was car- 
ried out using the two-tailed Student's /-test. Val- 
ues were considered statistically significant at 
P<0.05 or less. 0 v w 



L 1 2 



L 1 2 



3. Results 



■■ fay* 



A B 

Fig. 1. Final displays of differentially expressed genes that 
"ere (1) upregulated and (2) downregulated in rat (A) and 
guinea pig (B) livers following 3-day treatment with Wy. 
14,643. mRNA extracted from control and treated livers was 
ised to generate the differential displays using the PCR -Select 
:DNA subtraction kit (Clontech). Lane (L) is a 1 Kb DNA 
-adder standard and 10 ul of secondary PCR reaction were 
oaded in all other lanes. 



3:1. Cloning and screening of transcripts 

^qr both ; the rat and guinea pig experimental 
groups,. cDN A subtraction was carried out in the 
forward (control driving tester) and reverse (tester 
driving control) directions to isolate both upregu- 
lated and downregulated mRNA species respec- 
tively. Using a standard primary hybridisation 
time of 8 h we obtained a substantial amount of 
non-specific products in all the final differential 
displays (data not shown); This ' background 
smearing was almost completely removed by,re r 
ducing the primary hybridisation time to 4 h 
(CLONTECHniques, 1996). Fig. I shows the 
ddRT-PCR patterns of genes showing altered ex- 
pression in rat and guinea pig liver following 
3-day treatment with Wy- 14,643. The profiles are 
unique for each species, and in each case the 
profile for the upregulated genes (control mRNA 
driving tester mRNA) is different to that obtained 
for the downregulated genes (tester mRNA driv- 
ing control mRNA). 

The practical outcome of the SSH method is 
that a series of differentially expressed genes is 
observed as a ladder on an agarose gel. The 
majority of these gene fragments fall within the 
150-2000 bp range, with bands up to 5 Kbp 
occasionally being observed. Each band may the- 
oretically consist of one or more products of 
similar size, as the gel has a maximum resolution 
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Fig. 2. Discrimination of different ddRT-PCR products having 
the. same molecular size using HA-red. Gel (A) is a 2% 
standard agarose gel. Gel (B) is a 2% standard agarose gel 
containing 1 U/ml HA-red. Band numbers refer to the sequen- 
tial bands (largest to smallest) extracted from the original 
display of genes upregulated in rat liver following 3-day treat- 
ment with Wy-14,643. Ten micorlitres of each PCR reaction 
were loaded per lane. 



of approximately 1.5% (3 bp per 200). In addi- 
tion, there may be two or more products that are 
the same size, but have a different sequence. 



Therefore some form of discrimination must be 
employed to isolate as many of these products as 
possible. HA-red screening (Geisinger et ah, 1997) 
of a number of clones derived: from each w band 
provided, a: means to discriminate between differ- 
ent gene species of the same size.; A typical 
pie of such a gel is shown in> Fig. 2.. -In -total, 88 
and 48 apparently different clones were obtained 
from the final differential expression patterns of 
upregulated and dowhregulated rat; genes, .respec- 
tively. Sixty nine = and 89 apparently . different 
'^cldnes^'were'' obtained from the final i differential 
expression patterns of the upregulated and down- 
regulated guinea pig genes, respectively. ^ 

Having' identified as many different 1 candidate 
gene products as possible in 1 the screening step I, a 
second screening step was carried out on every 
clone td confirm those 'that represented true dif- 
ferentially expressed genes. This is necessary since 
no. subtraction technique is 100% efficient. The 
approach we used, termed PCR-select differential 
screening (as recommended in Clontech's PCR-se- 
lect cDNA subtraction kit 1 protocol), utilises the 
forward and reverse subtractions as an aid to 
screening for the true differentially expressed 
genes (CLONTECHniqiies, 1997). Because these 
probes have already undergone subtraction, they 
have been enriched for differentially expressed 
genes and are therefore more sensitive than un- 
subtracted driver/tester cDNA probes for detect- 
ing true differential expression. AH the clones that 
were isolated from each display were dqtblotted 
and probed with the display from which they was 
obtained, plus the corresponding reverse-sub- 
tracted display. An example of such a blot is 
shown in Fig. 3. Clones corresponding to authen- 
tic differentially expressed mRNAs hybridised 
with the subtracted cDNA probe, but not the 
reverse-subtracted probe. We also included in the 
authentic positives, those clones that gave a sub- 
stantially greater signal with the subtracted probe 
compared to the reverse-subtracted probe. False 
positives hybridised with either both probes or 
with neither probe. Of the original 88 upregulated 
and 48 downregulated rat clones selected for this 
screening step, 28 (32%) and 15 (31%) respec- 
tively, were found to be true positives. In the rat, 
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8 (100%) of the true positive tipregiilated genes 
Table 2) and 11 (73%) of the true positive down- 
egulated genes (Table 3) were non-redundant Of 
he original 69 unregulated a&d294qy^g^t^ 
uinea pig clones ^selected for this ^ screening ^ep- v 
8 (70%) and 37 (42%) respectively, were found to 
e true positives. Thirty six 075%) of the upregu- 
ued genes (Table 4) and 33j(89%) of -the 'down-' 
;gulated genes (Table 5) were non^redundant. 

.2. Identification of clones 

On sequence analysis it was found that some 
ones were unsequencable in the first instance 
413 forward primer) due to long poly A runs 
at appeared to prematurely terminate the se- 
aencing reaction. These clones were therefore 
sequenced from the opposite direction using the 
13 reverse primer. Those xenobiotic-modulated 
ne products identified to date are listed in Ta- 
;s 2 and 3 (rat) and Tables 4 and 5 (guinea pig). 



Table 2 . . >r - ■ - • ~~ . ^ 

Identification^f genes that were upregula^d in male rat liver 

following 3-day treatment with WY-14,643 : 




3. Dot blots of clones of putative upregulated gene species 
ted from guinea pig liver following 3-day treatment with 
4,643. All clones identified in the stage I screening step 
methods) were blotted and probed with (A) the differen- 
display from which they originated (control driving 
:d) and (B) the reverse subtraction (treated driving con- 
Arrows indicate some of the true differentially expressed 



FASTA-EMBL gene Accession No. 
identification (rat un- 
Jess otherwise stated) " 



Sequence 
homology* (%) 



.Carnitine octanoyl 

transferase 
NGI.CGAP.Lil (H, 
sapiens) (EST") 
{ Peroxisomal ehoyl 
.... hydratase-Iike. : 

protein 
Liver fatty acid bind- 
ing protein 
Soares mouse 

P3NMF19.5 M: 
. niusculus cDNA 

done 
Cytochrome 
P450IVA1 
Mit. 3-hydroxyl-3- . 
methylglutaryl 
CoA synthase 
. Rabgeranylgeranyl 
transferase comjxH 
nent B 
Genes for I8S, 5.8S, 
and 28S ribosomal 
RNAs 
Carnitine acetyl 

transferase (mouse) 
Soares mouse NML 

(EST) 
Bone marrow stromal 
fibroblast (H. sapi- 
ens) cDNA clone 
HBMSF2E4 (EST) 
7.5dpc embryo 

(mouse) (EST) 
Alpha- 1 -macroglobu- 
lin 

Transferrin 
Lecithinxholesterol 

acyltransferase 
2n-a2-glycoprotein 
Serum albumin 
Fructose- 1,6-bisphos 

phate 1-phospho- 

hydrolase 
Soares mouse 

melanoma (EST) 

(S c ) 
Soares mouse 

3NbMS (EST) 

(AS e ) 



RN26033 99, 
HSI275949 98 
RN08976 98 

V01235 96 
AA038051 . 96 

RNCYPLA 94 
RNHMGCOA 94 

RNRABGERA 94 

RNRRNA 94 

MMRNACAR 92 
MM1157113 . 92 . 

AA545726 92 

AA408192 . 92 

RNALPH1M 91 

RNTRANSA 91 

RNU62803 90 

RN2A2GA 90 

RNJALBM 89 

RNFBP 88 

AA 124706 88 

A A 154039 88 
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Table 2 (Continued) 



FASTA-EMBL gene Accession No. Sequence 
identification (rat un- homology* (%) 

y Jess otherwise stated) 1 ' : r ^ t . 

. ' . • t - v • * •- i- — • -• 

u.n-P-hydroxsteroid de- RN17BHDT2 o*7,;> . .; ^ x( \ 
,,/r-hydrogenase ;;. , |V, : 
.'. Scares mouse . . " . AAO3$051 87 
" >3NMF19.5 (EST) " " 
Peroxisomal enoyl- RNPECOA ^5 ' 
' :i €6A:hydratase -3- Vvi - ' ' ( >: - ~ "* 1 ' * 
< hydroxyacyl CoA ' . ; » * ? . 

- ; , bifunctional enzyme - c , - , , ■-. 

.Integral membrane^ S45P12 81 ' . 

^ .protein, TAPANI. . " { 
~ ; '(CD81) (mouse) ; " V 
Soares mouse' lymph MMAA88445 * 81 
node (EST) ... *. <-.' / i<*^- . ,. x 
: t h. t sapiensAc\0Tit ..... L40401 ii; /i( 76;, 
j;^v2apl28) mRNA . 
Lyspphospholipase ho- HSU67963^ / ' 76 , 

mologue (human) 
^Soares mouse' lymph AA2 17044 74 ■ . u - 

f i node (EST) ' - / .,.* r 

;j . ° Refers to the nucleotide sequence homology between the 
xloned band isolated from the differentia] display and the 
Corresponding gene derived from the EMBL gene sequence 
bank. ' 

b EST is 'expressed sequence tag' — a gene of as yet 
unknown identity and function. 

c Where sequence homologies were equal in both directions 
of the isolated band, both the. sense (S) and antisense (A) 
identities are given. ^ 



In all cases, both the forward and reverse se- 
quence of the target clones were analysed and the 
gene having the highest statistical homology 
noted. 

3.3. RT-PCR analysis of selected clones 

The results of a typical RT-PCR semi-quantita- 
tion experiment for transferrin in the rat is given 
in Fig. 4 and the results for a total of 12 selected 
genes in both the rat and guinea pig are shown in 
Table 6. 



Table 3 

Identification of genes that were downregulated in male rat 
liver following 3-day treatment with Wy-14,643 

* FAST-EMBL gene Accession No. - 1 \ ^ fcequencee*; 
identification (rat un- \ : v ♦< ,rhcnn61pgy? ? (%) 
less otherwise stated) . . . f . ~ . . r 



»l ft - V 



99 



96 

— i c 

95-' 
94 ■' 
. 94 

84 ' 
84- ;i - 

82 
75 



)*:t 

\:'< 



NCI_CGAP_Lil (A;' AA4W528 
sapiens) (EST*)^)' 1 J° 

NCPCGAP.Prl (H. AA469320 'hi W:. 

./sapiens) (EST)(AS e ) : ■ ^; t . \;,^r.. ; 

. -UDP-giucuronosyl- RN06273 r ^98 f l 
i:,^ transferase 

5 ?; (UGT2BJ2)' ■ 

1 Complement cbmpo- ' " : RNC3' r ; 
* 1 ' neht c3 : u n '-'Spr.*:;,. 

-Soares mouse pla- \ ! .-'AA023305 ; : «- 
/ ;i centa (S) ■n-. : - .^^ 
Ape (chimpanzee) 28S PTRGMC 

rRNA (AS) "*' / : 
Rat CYP2C11 RNCYPMl 0 ; 

Ribosbmal- protein S5 RNRPS5 
-J Transthyretin . r - RNTTHY; , f-j 
, , Gontrapsin-Iike , . . RNCCP23, ; . 
- protease inhibitor ; 
Prostaglandin F2a (Sjl RN26663 ' ' ' 
P-2-micrbglobulin ' RNB2MR' - 

(as) - ■■• !- ?-r ■ ... 

Apblipoprotein C-III\ RNAPOA02 5 
Parathymosin-alpha RN 1 1 2NBP 
Uinc2 + -binding 
protein) 

" Refers to the nucleotide sequence homology between the 
cloned band isolated from the differential display and the 
corresponding gene derived from the EMBL gene sequence 
bank. 

b EST is 'expressed sequence tag* — a gene of as yet 
unknown identity and function. 

c Where sequence homologies were equal in both directions, 
both the sense (S) and antisense (A) identities are given. 



4. Discussion 

It is now apparent that all cancers arise from 
accumulated genetic changes within the cell. Al- 
though documenting and explaining these changes 
presents a formidable obstacle to understanding 
the different mechanisms of carcinogenesis, the 
experimental methodology is now available to 
begin attempting this difficult challenge. In order 
to begin the elucidation of the molecular mecha- 
nisms involved in non-genotoxic hepatocarcino- 
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enesis, we have used SSH to identify a number of . Lake et al M 1989; Makowska et alvl992; Lake ev 

enes : that -are upregulate&cor downregulated lin al., 1993). - -u V: ; < ; : . ,r ;; ^. :\k ^m Jmo 

iale rat and guinea /, pig ; livers foUowing. short i k Gurskayavet al? (1996); who- originafly deyel-- 

trm exposure to the PPi Wy-14i643^ We have 1 oped ^the SSH technique, cloned the products { of 

sed the rat model to represent a species suscepti- the secondary PGR reaction and screened a small" 

le to : the non-genotoxic carcinbgenic^effect of 1 number of randomly 7 selected colonies Tor differ- 

Ps and the guinea 1 pig ~as a resistant species - entially expressed dohes-using northern hybridisa-> 

Drton et al., 1984; Rodricks and TiimbuilM 987; --tion. However, we decided against this approach 

ientification of genes that were upregulated in male guinea pig liver following 3-day tmtm^t-WiVh' > WY-l<6^3 

ASTA-EMBL gene identification (guinea-pig unless* otherwise stated) . >i ; Accession'; No. u Sequence ?n ^' . 

* : ! '.*.* :.. ) : - : . ( . - ' y homology" (%),, 



arboxylesterase "* " . " ' 


XB010634 


97 


omplemenl C3 ( protein (GPC3) ' ! ' !: ' J ' L -' ( • 


; M34054 :; ' 


V; ;97 


ytosolic, aldehyde dehydrogenase (sheep) \ / ; ,a >u j 


U12761 


92 


atalase (human) r V * ^ : , 5 


X04076 . 


. 89 


itochbndrial aspartate aminotransferase , (pig) ■ . x 


Ml 1732 , , 


- .89 


ongation factor-1 -alpha (rabbit) _ 


X62245 ( 


. 88 


CI CGAP Br2 H. sapiens cDNA clone (EST) (Similar to chick mit. phosphoenolpyru- 


AA587436 " K 


87 


vate carboxykinase) " ' • t . u 


i i ; , ■ ■ ( 




ipha- 1 -antiproteinase S 


•M57270 


v ' 83 


)-formyltetrahydrofolate dehydrogenase (rat) . . , M i 


M59861. > 


83 


ibosomal protein L6 (rat) - - 1 n: . , 


; .X87107 . 




>ares pregnant uterus Nb (EST) (mouse) 


AA 156847 


83 


itochondrial citrate transport protein (human) \ 


L77567 


80 


noplasmic chaperonin hTRiCS (human) ^. 


U17104 


80 


pha-l-antiproteinase F 


M57271 


77 


nerogeneous nuclear ribonuclearprotein cl/c2 (human) . 


D28382 


77 


tares parathyroid tumour (EST) (similar to human .serum albumin precursor) 


AA860651 


76 


ratagene mouse kidney (EST) 


. AA 107327 


75 


■ares parathyroid tumour NbHPA human cDNA (EST) 


AA860653' 


74 


ares mouse mammary gland (EST) 


AA6 19297 


74 


DNA done 15 004 (EST) (human) 


HO 1826 


74 


tares senescent fibroblasts (EST) (mouse) 


W52190 


74 


eproalbumin (human). . , 


E04315 


72 


DNA clone 73 169 (EST) (human) 


T56624 


72 


tamin D-binding protein (human) 


L10641 


71 


x>H gene (exon 8) (human) 


Yi 1498 


71 


iRL flow sorted chromosome ' 


B05457 


71 


ares foetal liver spleen (EST) (mouse) 


AA009524 


71 


ares foetal heart NbMH19W (EST) (mouse) 


AA009421 


69 


ares foetal heart NbHH19W H. sapiens cDNA clone (EST) 


W94377 


67 


tenylalanine hydroxylase (human) 


U49897 


67 


oIine-5-carboxylate dehydrogenase (human) 


U24266 


66 


utathione-5-transferase homologue (human) 


U90313 


65 


:i_CGAP_GCBl (EST) (human) 


AA769294 


65 


Dtective protein (human) 


M22960 , 


64 


one 27 375 (EST) (human) 


N37046 


62 


atagene colon ( # 937 204) H. sapiens cDNA clone (EST) 


AA 149777 


62 



' Refers to the nucleotide sequence homology between the cloned band isolated from the differential display and the correspond- 
: gene derived from the EMBL gene sequence bank. 
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Table 5 

.Identification of genes that were downregulated in male guinea 
pig liver following 3-day treatment with WY- 14,643 

FASTA-EMBL gene Accession No. Sequence v - 
- identification (guinea . . \ tr -\ homology*, (%) 

pig unless otherwise ; V ,,*-\vi.» ;>..■ _y u,^ r y. ..;<, 
stated) I -/ " - ..■ -''.r- - . \ , :% . 



Complement C3 


M34054 , 


?7 


protein 






Murinoglobulin _ 


; D84339 


95^ 


Alpha- 3 -an- 


.M57271 : .• 


,,88 


tiproteinase F v*. . 






Elongation factor r al- 


X62245 - .. : 


, '89;, 


pha-1 (rabbit) 






Coupling protein G 


t X04409 J 


•88 


(human) ( 






NCrCGAP.Ovl 


AA586309 . 


87 


(EST**) (human) 






Lecithin:cholesterol 


D13668 


85 


{ acetyl transferase 






(rabbit) 






Aldolase B (human) 


■ X00270 . 




Anti-thrombin III 


E00116 


w ] 


■ (human) . 






Phenylalanine hy- 


. K03020 




droxylase (human) 






Inter-a-trypsin in- 


D38595 


79 . 


hibitor (human) 






Normalised rat mus- 


AA849753 e 


78 \ 


cle (EST) (S c ) 






Normalised rat ovary 


AA801059 . 


. 78 


(EST) (AS C ) 






Complement factor 


XO0284 t 


4 77 , 


Ba fragment (hu- 






man) „ 






DihydrodioJ dehydro- 


U05598 


76 


genase (human) 






Spot 14 gene (thyrpid- 


Y0840? 




inducible hepatic 




- 


protein)(human) 


• 




BAC clone 174pl2 . 


AC004236 J 


'75 


(human) 






Mitochondrial alde- 


X05409 


74 


hyde dehydroge- 






nase (human) 






Preproalbumin (hu- 


E04315 


'74 


man) 






NCI_CGAP_Pr9 


AA533142 


74 


(EST) (human) (S) 






Normalised rat pla- 


AA851197 


74 


centa (EST) (AS) 






Heparin sulfate pro- 


J04621 


73 


teoglycan (human) 






cDNA clone 33 992 


R24330 


73 


(EST) (human) 
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Table 5 {Continued) 


FASTA-EMBL gene Accession No. 




identification (guinea 


homology* (%) 


pig unless otherwise 




stated) ■ , ; ? ; u r: r . - • 


■ - mi " r *f * * 1 - ■ /i^i 


Retinol dehydrogenase U33501 


■ - i ■»".■,.*■ 

71 


(rat) s: ■' 




TAPA-1, integral mem- S45012 


71 


brane protein j 


(CD81) (mouse)- 




ComDlement enmrw M^S7S" 


•7ft ' " ' ' ^ *' " 


nent c5s - 




69 


cDNA clone 143 918 HI 61 A*) 




(EST* (human) 






68 


Soares foetal liv^r Wn*?7lA " 


68 


snleen 1 NF fmnnc^ 




Barstead bowel fF^n AA?17A40 ;!: ^* 


67 , 








66 






JVjyciulU ICUiwaCmid CCJ1 L*Uox40 


65 


aiiicrcniidiion 




nrnf ^in ^Mfl 1 \ 


i > -' - , M 


fhiimnnt *'* 


.' : r ' » * ■ '. . ' 1 ■ 


STC QHr5P.^4 OR 7 dllQQA 

1 lJ •Jll VJV— 70 / \IJU-OZ/"0^» 


65 


man) (AS) ? : 




Soares mouse AA222798 


64 \ 


. 3NME125 




Stratagene mouse em- AA 199420 


64 - f . 


brybnic (EST) (S) 




Rad 52 (mouse) AF004854 


63 



a Refers to the nucleotide sequence homology between the 
cloned band isolated from the differential display and the 
corresponding gene derived from the EMBL gene sequence 
bank. 

b EST is 'expressed sequence tag* — a gene of as yet 
unknown identity and function 

c Where sequence homologies were equal in both directions, 
boththe sense (S) and antisense (A) identities are given. ' 

for several reasons: (1) the kinetics of ligation and 
transformation favour the isolation of smaller 
PCR products, thereby producing a misrepresen- 
tation of larger gene products; (2) northern blot 
analysis is notoriously insensitive and is unlikely 
to confirm expression of rare transcripts; (3) there 
is no measurable end point to the screening of 
clones produced in this way other than to analyse 
every transformed colony. We used instead an 
alternative approach; after running out the differ- 
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ential display oh a high-resolution agarose gel 
(Fig. I) and overstaining with SYBR Green I to 
enhance visualisation, the composite bands were 
individually extracted, ' reamplified and cloned: 
However, it has been well documented that single ! 
bands from differential displays often a contain a 
heterogeneous V. mixture of different products 
(Mathieu : Daude "et al., 1996; Smith et al., :1997). . 
This is ; because polyacrylamide gels cannot dis- 1 
criminate between DNA sequences that differ in 
size by less' than about 0.2% (Sambrook et al., 
1989). High-resolution agarose gels such as those 
used in this work are even less sensitive, normally 
only discriminating products that differ in size by 
at least 1.5%. The use of the HA-red screening 
step enables resolution of identical or nearly iden- ■' 
:ical sequences based on their AT content (Wawer 
it al., 1995) and is sensitive down to < 1% differ- 
;nce. Furthermore, it is rapid, technically simple 
ind does not require the use of radiolabels. 
jeisinger et al. (1997) originally demonstrated the 
isefulness of using HA-red to identify different 
products cloned from the same band of an RNA 
iifferential display experiment by simultaneously 
unning them in normal agarose (to discriminate 
)y size) and in normal agarose containing HA-red 
to discriminate by AT content). We have found 
hat this approach is equally useful for identifying 
afferent gene species cloned from the same band 
-f our SSH display. 

Diatchenko et al. (1996) reported that SSH is 
tighly efficient at producing differentially ex- 
•ressed gene species. However, we also included a 
econd screening step to further confirm that the 
lones isolated from the differential display were 
ideed differentially expressed. Duplicate dotblots 
f the candidate clones were blotted with the 
isplay from which they were originally isolated 
nd with the 'reverse subtraction' display. To 
mke the reverse-subtracted probe, the subtractive 
ybridisation step of the procedure was carried 
ut using the original tester cDNA as a driver, 
id the original driver cDNA as a tester. In this 
ay, clones that are false positives can be iden- 
ied through their presence in both blots. Such 
lse positives most commonly arise through hav- 
g a very high abundance in the initial sample or 
msual hybridisation properties (Li et al., 1994). 



Although the SSH method .itself :hasv been 
shown to be efficient, and . despite th^screeriintf 
step that .we included, thereis an mipdnant caveat' 
: ; 10 bear hi"mind - namely that if is important' 
that all clones, be considered only as 'candidates' 
until the , actual abundance of their mRNA.. is 
quantitated in treated andricontrol . samples. To- 
wards this end, "we examined -the expression 1 of a 
limited number of clones using semi-quantitative,. 
RT-PCR, Albumin was used'as the reference gene 
as we have, previously found that , the expression ■ 
of this gene: does not appear to change with the 
treatment regime that we used (Fig. 4, and data 
not shown). There are 'a . number of interesting' 
points to note from pur results, the ', first is , the '■■ 
presence ,of -genes that serve as appropriate posi- 
tive controls in the upregulated and downregu- 
lated series. For example, in the rat it can be seen 
that CYP4AI expression increases 14-fold follow- 
ing treatment. Although CYP4AI mRNA expres- 
sion levels following WY- 14,643 treatment have 
not been previously reported in this model, the 
figure compares favourably with that recorded by 
Bell et al. (1991), who used RNAse-protection to 
quantitate CYP4A1 in rat liver following treat- 
ment with methylclofenapate, another PP. In ad- 
dition, we also confirmed that the peroxisomal 
enoyl-CoA:hydratase-3-hydroxyacyl-CoA bifunc- 
tional enzyme is also upregulated 9-fold, in agree- 
ment with the findings of Chen and Crane (1992). 

A number of genes were downregulated follow- 
ing Wy-14,643 exposure, including CYP2C11 ex- 
pression. Corton et al. (1997) reported similar 
findings and suggested that this may in part ex- 
plain why male rats exposed to Wy-14,643 and 
some other PPs have high serum estradiol levels, 
as estradiol is a substrate for CYP2C1 1. We have 
also shown that the expression of contrapsin-like 
protease inhibitor (CLPI) was downregulated by 
Wy-14,643. This has not previously been reported, 
and we suggest that it may be linked to a require- 
ment for increased availability of amino acids to 
accommodate the hepatomegaly induced by treat- 
ment. Although little is known of the function of 
parathymosin-a, (zinc 2 + -binding protein) it has 
been shown to interact with the globular domain 
of histone HI, suggesting a role in histone func- 
tion (Kondili et al., 1996). In contrast to the 
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I . Albumin 
Transferrin 



r . % * f * ■; v 



Albumin 
Transferrin 




Fig. 4. Semi-quantitative RT-PCR experiment showing relative decrease in expression of transferrin in treated rat liver (RT-1 to 
RT-4) compared to controls (RC-1 to RC-3). An equal amount of mRNA was used in each reaction (10 ng), and each sample was 
quantitated in triplicate to reduce the effects of inter-tube variation. N.is negative control (no mRNA). Lane M is a 100 bp ladder 



downregulation observed in this work, other stud- 
es have shown that parathymosin-a expression is 
elevated in breast cancer (Tsitsilonis et al., 1993, 
1998), with the implication that parathymosin-a 
nay somehow be involved in regulating cell pro- 
iferation by more than one mechanism. Transfer- 
in has previously been shown to be 
iownregulated in rat liver by hypolipidemic PPs 
Hertz et al., 1996). It is therefore interesting to 
lote that we isolated a clone identified as transfer- 
in from the upregulated display profile. Since we 
onfirmed by RT-PCR that transferrin is in fact 
iownregulated in the rat (Fig. 4), we conclude 
hat transferrin was either a false positive or was 
icorrectly identified. It could also be that we 
ave isolated a close relative, splice variant or 
;ofonr of transferrin, which demonstrates a dif- 
;rent expression profile under these experimental 
editions. Further investigations are therefore 



required to determine which of these possibilities 
are correct. 

One of our most intriguing observations was 
that one gene, CD81, appeared to be upregulated 
in rat liver but downregulated in guinea pig liver 
following Wy- 14,643 exposure. CD81 is a widely 
expressed cell surface protein that is involved in a 
large number of cellular functions, including ad- 
hesion, activation, proliferation and differentia- 
tion (reviewed by Levy et al., 1998). Since all of 
these functions are altered to some extent in car- 
cinogenesis, it is perhaps an important observa- 
tion that CD81 expression is differentially 
regulated in a resistant and sensitive species ex- 
posed to a non-genotoxic carcinogen. 

Albumin and ribosomal genes appear common 
to all differential displays and are thus undesir- 
able false positives. However, due to their high 
expression in the liver, they are difficult to re- 
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nove. We aJso noted a number of gene species, 
particularly in the guinea pig, which were com- 
mon to both upregulated and downregulated 
orofiles. Again, the most likely reason for these 
laving arisen is their high abundance. 

A relatively large number of upregulated and 
iownregulated genes were isolated from guinea 
^g liver following Wy- 14,643 exposure. However, 
he guinea pig genome has been relatively poorly 
:haracterised and so many of the clones were 
dentified as resembling genes or ESTs from other 
pedes. Without full-length sequence data it is 
iifficult to ascertain the accuracy of the assigned 
dentities and this must be borne in mind when 
itilising data such as this, for example, in design- 
lg effective primers for RT-PCR studies. Al- 
:iough the actual isolated clone sequences can be 
sed to do this, their relatively small size often 
istricts the ability to design effective primers. In 
ddition, as we observed with transferrin, using a 
ublished full-length sequence may help to iden- 
fy false positives. 

able 6 

^-quantitative RT-PCR analysis of selected gene species in the rat and guinea pig- 



By comparing the expression profiles of genes 
showing altered expression in a PP-sensitive spe- 
cies (rat) with a PP-resistant species (guinea pig), 
it was our aim to identify genes that are mecha- 
nistically relevant to the non-genotoxic hepatocar- 
cinogenic action of Wy-14,643. However, few of 
the genes that we have isolated were common to 
both the rat and the guinea pig. This suggests 
either that the molecular mechanisms of response 
in these two species are so different that few genes 
are commonly regulated in response to Wy-14,643 
exposure, or that we have recovered only a small 
proportion of those genes that have altered ex- 
pression. The latter seems the more likely scenario 
since it is perceived that one of the main problems 
of subtractive hybridisation and other differential 
expression technologies is the inability to consis- 
tently isolate rare gene transcripts (Bertioli et al., 
1995). This is potentially problematic in that 
weakly expressed genes may play an important 
role in regulating key cellular processes, and that 
the majority of mRNA species are classified as 



anscnpt 



Putative change of expression following 
treatment according to dotblot 



Change according to RT-PCR 
quantitation 



Rat 



Guinea pig Rat 



Guinea pig 
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tT4Al 
talase 
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N/A 

Up 
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Up 
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protein) 
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ot2-glycoprotein Up 
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P< 0.0005; 

*P<0.05. 
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/iarc^vin abundance (Bertioli et aL, 1995). How- 
ever, in their original paper describing the SSH 
technique; Gurskaya et al. (1996) demonstrated 
that'SSH can enrich rare molecules between 1000- 
and 5000-fold in a single round of hybridisation. 
Unfortunately, due to high background smearing 
in our initial experiments (which hindered identifi- 
cation of single bands), we were compelled to 
reduce the t primary hybridisation fime'to only ,4 h 
— a step that theoretically is likely to reduce' the 
number 'of rare ^sequences (GLONTECHriiques, 
1996). Furthermore, it has been claimed by the 
manufacturers' that/ whilst * this* technique" ckn ! 
identify changes as small f as K>5-fpld between the 
driver and tester populations, it is best suited to 
the isolation of genes that show a. greater than . 
5-fold increase (CLONTECHniques, 1996). Iii ad- ! 
dition, where tester and driver contain genes, with, 
large and small differences in abundance, the SSH 
method will be biased towards identifying those 
genes with the large differences (CLONTECH- 
niques, 1996). Thus, it is most probable that we 
have not isolated all of the more rarely expressed 
transcripts and those demonstrating small changes 
in expression. * 

One problem that remains is identifying the 
function of genes isolated in SSH experiments as 
described herein, some of which may be crucial to 
the process of carcinogenesis, and are, to date, ; 
unidentified. However, we -have provided evidence 
herein that SSH can be used to begin the process 
of characterising the extent and importance of 
altered gene expression in response to a chemical 
stimulus. The developments of this approach 
should include characterisation of temporal and 
dose responses, and functional analysis studies 
including knockout mice. In combination, such 
studies should make a significant contribution to 
our understanding of the molecular , mechanisms 
of action and physiological relevance of gene reg- 
ulation in non-genotoxic hepatocarcinogenesis. It 
should then be. possible to ascertain whether dif- 
ferentially expressed genes are causally or casually 
related to the chemical-induced toxicity, and 
therefore a substantial mechanistic advance. 

It is clear that there are also broader applica- 
tions for this experimental approach that go be- 
yond understanding the molecular mechanisms of 



peroxisome-proliferator induced non-genotoxic 
hepatocarcinogenesis in rodents. The potential 
medical and therapeutic benefits of elucidating the 
molecular changes that occur in any given cell in 
progressing from the normal to the carahog^iic 
(or other diseased, abnormal or developmental) 
state are very substantial. Notwithstanding the 
lack of complete functional identification of al- 
tered^ gene expression, such gene profiling studies 
described herein essentially provides a 'fingerprint' 

^ of each- stage of carcinogenesis; and should help in 
the elucidation of specific and sensitive biomark- 

*-ere fo'r 'different types of caric«r. :i Amon|st other 

; benefits, such fingerprints ; and /tt^ 
help uncover differences in histologically" identical 
cancers, and provide, diagnostic tests for the earli- 

" est stages of neoplasia. ' In addition, ' tfie genes 
identified by this approach may be incorporated 
into gene-chip DNA-arrays, thus providing a 
standard genetic fingerprint for a particular toxin 
treatment in a particular species. Interrogation of 
these gene arrays for an unknown compound that 
has a similar pattern to the known reference 
chemical would, then provide evidence that the 
unknown may have a toxicity profile similar Ho 
the 'standard' fingerprint, thereby serving ' as :< k 
mechanistically relevant platform for further de- 
tailed investigations. . ' . ! 1 ' x " l ' c 
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ABSTRACT We have developed bigb-density .DNA mi- 
croarrays of yeast ORFs. These, microarrays can monitor 
hybridization to ORFs for applications such as quantitative 
differential gene expression analysis and screening for se- 
quence polymorphisms. Automated scripts retrieved sequence 
information from public databases to locate predicted ORFs 
and select appropriate primers' for amplification. The primers 
were used to amplify yeast ORFs in 96-well plates, and the 
resulting products were arrayed using an automated micro 
arraying device, Arrays containing up to 2,479. yeast ORFs 
were printed on a single slide. The hybridization of fluores* 
centiy labeled samples to the array were detected and quan- 
titated with a laser confocal scanning microscope. Applica- 
tions of the microarrays are shown for genetic and gene 
expression analysis at the whole genome level 



The genome sequencing projects have generated and will con- 
tinue to generate enormous amounts of sequence data. The 
gtnomtsoiSaccharomycescxrrinsiae, Haemophilus influenzae (1), 
Mycoplasma genitahum (2), and Methanococcus jannischu (3) 
have been completely sequenced. Other model organisms have 
had substantia] portions of their genomes sequenced as well 
" including the nematode Caenomabdixis elegans (4) and the small 
flowering plant Arabidopsis thaliana (5). Given this ever- 
r increasing amount of sequence information, new strategies , are 
necessary to efficiently pursue the next phase of the genome 
rjrojects~ihe elucidation of gene expression patterns and gene 
product function on a whole genome scale. 

One important use of genome sequence data is to attempt 
to identify the functions of predicted ORFs within the genome. 
Many of the ORFs identified in the yeast genome sequence 
were not identified in decades of genetic studies and have no 
significant homology to previously identified sequences in the 
database. In addition, even in cases where ORFs have signif- 
icant homology to sequences in the database, or have known 
sequence motifs (e.g., protein kinase), this is not sufficient to 
determine the actual biological role of the gene product. 
Experimental analysis must be performed to thoroughly un- 
derstand the biological function of a given ORFs product. 
Model organisms, such as 5. censvisiac, will be extremely 
important in improving our understanding of other more 
complex and less manipulate organisms. 

To examine in detail the functional role of individual ORFs and 
relationships between genes at the expression level, this work 
describes the use of genome sequence information to study large 
numbers of genes efficiently and systematically. The procedure 
was as follows. (0 Software scripts scanned annotated sequence 
information from public databases for predicted ORFs. (if) The 
start and stop position of each identified ORF was extracted 
automatically, along with the sequence data of the ORF and 200 
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bases flanking either side, (ut) These data were used to automat- 
ically select PCR primers that would amplify the ORF. (h>) Hie 
primer sequences were automatically input into the automated 
multiplex oligonucleotide synthesizer (6). (v) The oligonucleo- 
tides were synthesized in 96-weU format, and (w) used in 96-wefl 
format to amplify the desired ORFs from a genomic DNA 
template, (vii) The products were arrayed using a high-density 
DNA arrayer (7-10). The gene arrays can be used for hybridiza- 
tion with a variety of labeled products such as cDNA for gene 
.. expression analysis or genomic DNA for strain comparisons, and 
genomic mismatch scanning purified DNA for genotyping (11). 

METHODS 

Script Design. All scripts were written in UNDC Tool Command 
Language. Annotated sequence information from Genfiank was 
extracted into one hie .containing the complete nucleotide se- 
quence of a single chromosome. A second file contained the 
assigned ORF name followed by the start and stop positions of that 
ORF. The actual sequence contained within the specified range, 
along with 200 bases of sequence flanking both sides, was extracted 
and input into the primer selection program primer 05 (White- 
head Institute, Boston). Primers were designed so as to allow 
amplification of entire ORFs. The selected primer sequences were 
read by the 96-well automated multiplex oligonucleotide synthe- 
sizer, instrument for primer synthesis. The forward and reverse 
primers were synthesized in two separate 96-well plates in corre- 
sponding wells. All primers were synthesized on a 20*nmol scale. 

ORF Amplification and Purification. Genomic DNA was iso- 
lated as described (12) and used as template for the ampliation 
reactions. Each PCR was done in a total volume of 100 pi. A total 
of0.2 fiM each of forward and reverse primers were aliquoted into 
a 96-well PCR plate (Robbins Scientific Sunnyvale, CA); a master 
mix containing 0.24 mM each dNTP, 10 mM Tris (pH 8J), 50 mM 
Mgp2, 2.5 units Taq polymerase, and 10 ng of template was added 
to the primers, and the entire mix was thermal cycled for 30 cycles 
as follows: 15 min at 94°Q 15 min at 54°C, and 30 min at 72"C 
Products were ethanol precipitated in polystyrene v-bottom 96- 
well plates (Costar). All samples were dried and stored at -20*0 

Arraying Procedure and Processing. Microarrays were 
made as described (8). 

A custom built arraying robot was used to print batches of 48 
slides. The robot utilizes four printing tips which simultaneously 
pick up — 1 ul of solution from 96-well microliter plates. After 
printing, the microarrays were rehyd rated for 30 sec in a humid 
chamber and then snap dried for 2 sec on a hot plate (100°Q. The 
DNA was then UV crosslinked to the surface by subjecting the 
slides to 60 rnillijoules of energy. The rest of the pory-L-rysme 
surface was blocked by a 15-min incubation in a solution of 70 mM 
succinic anhydride dissolved in a solution consisting of 315 ml of 
l-methyl-2-pyrrolidinone (Aldrich) and 35 ml of 1 M boric acid 
(pH 8.0). Directly after the blocking reaction, the bound DNA 
was denatured by a 2-min incubation in distilled water at — 95°C 

Abbreviation: YEP, yeast extract/peptone. 
tTo whom reprint requests should be sent at the present address: 
Synteni, Inc., 6519 Dumbarton Circle, Fremont, CA 94555. 
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Fio.1. Two<olor fluorescent scan of a yeast microarray contain- 
ing 2,479 elements (ORFs). The centcM<>center distance betwwn 
elements is 345 jim. A probe mixture consisting of cDNA from yeast 
extract/peptone (YEP) galactose (green pseudocolor) and YEP glu- 
cose (red pseudocolor) grown yeast cultures was hybridized to the 
array. Intensity per element corresponds to ORF expression and 
pseudocolor per element corresponds to relative ORF excretion 
between the two cultures. 

Hie slides were then transferred into a bath of 100% ethanol at 
room temperature. 

Probe Preparation: cDNA. Yeast cultures (100 ml) were grown 
to -1 ODaoo and total RNA was isolated as described (13) Ud 
to 500 tx% total RNA was used to isolate mRNA (Oiaeen 
Chatsworth, CA). Oligo(dT)20 (5 M g) was added and annealed to 
2 Mg of mRNA by heating the reaction to 70°C for 10 min and 
quick chilling on ice, phis 2 /J Superscript U (200 units/ul) (Life 
Technologies, Gaithersburg, MD), 0.6 50x dNTP mix (final 
concentrations were 500 *iM dATP, dCTP, dGTP, and 200 uM 

rJTTr™^ 5X rcaaion buffer » and 60 ^iM Cy3-dUTP or 
Cy5-dUTP (Amersham). Reactions were carried out at 42°C for 

h uwn 1 ? ^n?*^ degraded ** Edition of 03 
jJ 5 M NaOH and 03 pj 1 00 mM EDTA and heating to 65°C for 
10 mm. The sample was then diluted to 500 ^1 with TE and 
concentrated using a Microcon-30 (Amicon) to 10 pi. 

Probe Preparation: Genomic DNA. Fluorescent DNA was 
prepared from total genomic DNA as follows: 1 M g of random 
nonamer oligonucleotides was added to 2.5 pg of genomic 
DNA. This mixture was boiled for 2 min and then chilled on 
ice. A reaction mixture containing dNTPs (25 uM dATP 
S3 10 fiM dTTP, and 40 mM Cy3-din"P or' 
CyS-dUTP) reaction buffer (New England Biolabs), and 20 
units exonuclease free Klenow enzyme (United States Bio- 
chemical) was added, and the reaction was incubated at 3TC 
for 2 h. The sample was then diluted to 500 fi\ with TE and 
concentrated using a Microcon-30 (Amicon) to 10 (il. 

Hybridization. Purified, labeled probe was resuspended in 11 
£jof3.5x SSC containing 10 ng Escherichia coli tRNA, andO.3% 
SDS. The sample was then heated for 2 min in boiling water 
cooled rapidh/ to room temperature, and applied to the array The' 
array was placed in a sealed, humidified, hybridization chamber 
Hybridization was carried out for 10 h in a 62°C water bath after 
which the arrays were washed immediately in 2x SSC/0 2% SDS 
A second wash was performed in 0.1 x SSC 

Analysis and Quantitation. Arrays were scanned on a 
scanning laser fluorescence microscope developed by Steve 
Smith with software written by Noam Ziv (Stanford Univer- 
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sity). A separate scan was done for each of the two fluoro- 
phores used. The images were then combined for analysis. A 
bounding box, fined to the size of the DNA spots, was placed 
over each array element The average fluorescent intensity wis 
calculated by summing the intensities of each pixel present in 
abounding box and then dividing by the total number of pixels. 
Local area background was calculated for each array element 
by determining the average fluorescent intensity at the edge of 
the bounding box. To normalize for fluorophore-specific^ari- 
ation control spots containing yeast genomic DNA were 
applied to each quadrant during the arraying process. These 
elements were quantitated and the ratios of the signals were 
determined These ratios were then used to normalize the 
photomultipher sensitivity settings such that the ratios of the 
f l U ° r f < ?!l CC ° f the genomic DNA 'I*" 5 ««t close to a value 

£» i P e ave ? ge "P* 1 imcnsity at an y **» «» 

regarded as significant if it was at least two standard deviations 
above background. Each experiment was conducted in dupli- 
."""ophores representing each channel re- 
versed. The ratios presented here are the average of the two 
experiments, except in the case in which the signal for the 
r m u out ? tion was W°* Ac reliability threshold. The 
reliability threshold also determined the dynamic range of the 
experiment. For all of the experiments presented, the average 
dynamic range was -1 to 100. In the case where the fluores- 
cence from a very bright spot saturates the detector, differ- 
ential ratios will, in general, be underestimated. This can be 
compensated for by scanning at a lower overall sensitivity. 

RESULTS 

The accumulation of sequence information from model orean- 
isms presents an enormous opportunity and challenge to under- 
stand the biological function of many previously ^characterized 
genes. To do this accurately and efficiently, a directed strateev 
was developed that enables the monitoring of mulupleS 
wSJ hmT ^ '""""J** technology provides a method by 

£5/2^i ^ att * Ched ,0 8 8,385 m a high-density 

format (8) In practice, ,t is possible to array over 6,000 elements 

Sn^ 1 ^ ^^"'hat the yeast genome consists 
of ~6 100 ORFs, the entire set of yeast genes can be spotted onto 
a single glass slide. 

With this capability and the availability of the entire se- 
quence of the yeast genome, our strategy was to use a directed 
approach for generating the complete genome array. This 
procedure involved synthesizing a pair of oligonucleotide 

ZzTZ? T phfy CaCh 0RF " 71,6 PCR P roduct containing 
each gene of interest was arrayed onto glass and used for 
example, as probe for monitoring gene expression levels by 
hybridizing to the array labeled cDNA generated from isolated 
mRNA of a culture grown under any experimental condition. 
Primer Selection and Synthesis. The primer selection was fully 

Command L"*™* scrips and primes 
(Wh'tehead). Proner pairs were automatically selected suc- 

casful) y for>99%oftteORFstested.Primersequencesc^ 
be selected rapidly with minimal manual processing. A complete 
set of forward and reverse primers were selected initially for each 
ORF on chromosomes I, II, III, V. VI, VIII, IX, X, and XI 
Primers for a representative set of ORFs (15% coverage) were 
chosen for the remaining chromosomes. With the release of the 
entire yeast genome sequence, the complete set of primers has 
now been seleaed. 

Because each ORF requires a unique pair of synthetic primers, 
a total of approximately 12,200 oligonucleotides will be required 
to mdmdually amplify each target. This costly component was 
addressed with the automated multiplex oligonucleotide synthe- 
sizer (6) which efficiently synthesizes primers in a 96-well format, 
fcach pnmer, synthesized on a 20-nmol scale, provides enough 
material for 100 amplification reactions, whereas a given PGR 
product provides enough material to generate an element on 
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Table 1. Heat s hock vs. control expression data 

Ratio of 
gene ( 



Control , 


Heat . 


ORF 


wCBC 




ZO T 


YLR142 
, YOL140 


pun 

> ARG8, 




- . , j 


YGL148. , 


, AR02 




36.0 


YFL014 


HSP12 




27.4 


YBR072 - 


HSP26 


r 


6.7. 


YBRQ54 


YR02 




' '3.4 


' YCR021 


HSP30 




2.6 


YER103 


SSA4 




US i ; 


YLR259 


HSP60 




Zl 


YBR169 


SSE2 




1.7 


YBL075 


SSA3 




. , 1.4 


YPL240 


HSP82 




1.4 


YDR258 . *. 


HSP78 


/ 1.6 




YNL007 


S1S1 


, u 




YEL030 .:■ 




1.9 




YHR064 




v 


U 


YBL008 


HIR1 


US 




YBL0Q2 


HTB2 


3J 


■ ir 


YBL003 


HTA2 


'. 3.3 • 




YBR010 


HHT1 


3.9 : 




YBR009 


HHF1 


• 


2.4 


YDR343 


HXT6 


3.6 


2.1 


YHR092 


HXT4 




YAR071 


PHOll 


US 


23 


YLR096 


, KIN2 




YER102 


, RPS8B 


2.6 




YBR181 


RPS101 


,16 




YCRQ31 


CRY1 


Ul 




YLR441. 


RP10A 


ZB 




YHR141 


RPL41B 


US 




YBL072 ' 


RPS8A 


2.8 




YHL015 


URP2 


2.8 




YBR191 


URP1 


3-1 




YLR340 


RPDVO 


3J 


5.8 


YGL123 
YLR194 


SUP44 
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Description 



Proline oxidase 
Acetyiorn ithine aminotransferase ' 
.'■ Chorismate synthase 
Heat shock protein 
Heat shock protein 

Similarity to HSP30 heat shock protein Yroip 
Heat shock protein 
Heat shock protein 
- Mitochondrial heat ; shock protein HSP60 1 , 
Heat shock protein of the HSP70 fimily " ' ' 

Cytoplasmic heat shock protein v ; v ■ ' r 

Heat shock protein . J* 

70-kDa heat shock protein ^ . 

Heat shock protein * <, J : ' 

-Histone transcription regulator :: ~ ; *.;■;■•' ; r ^ ; 

Histone H2B.2 ■* - j : ^ 

Histone H2A2 -'" r ' - ■ % ; - *- > 

Histone H3 

Histone H4 r - > 

High-affinity hexose transporter > • 

Moderate- to low-affinity glucose transporter — : 

Secreted acid phosphatase, 56 kDa isozyme" -■■ > ^ 

Ser/Thr protein kinase .- ' - K . 

Ribosomal protein S8^ > \ "i. ■ :, . ,"c t :...; .". -■* ■ 

Ribosomal protein S6.e - •== -v.. ,r,„ \ Vx .\ ?. t( - 

40S ribosomal protein SUjc 
. Ribosomal protein S3.ax 

Ribosomal. protein L36ax* . P*: ,. • ■ * 

Ribosomal protein S8.e ' . .r • 
• Ribosomal protein r . ■ \ 

Ribosomal protein L21.e... mi. 
Acidic Ribosomal protein L10.e 
Ribosomal protein 1 ; 

Hypothetical protein » 



500-1,000 arrays. Thus, a single primer pair provides enough 
starting material for up to -50,000 arrays. 

Primers were synthesized to amplify yeast ORFs. Primer 
synthesis had a failure rate of <1% in over 18 plates of 
synthesis as determined by standard trityl analysis (6). The 
success rate of the PCR amplifications using the primer pairs 
was 94% based on agarose gel analysis of each PCR. The 
purified PCR products were used to generate arrays. Two 
versions of the arrays were created for the experimental results 
presented here. The first array contained 2^287 elements and 
the second array batch contained 2,479 elements. 

Genome Arrays. The amplified ORFs were arrayed onto glass 
at a spacing of 345 microns (Fig. 1). The high-density spacing of 
DNA samples allows the hybridization volumes to be minn 
mizeo'— volumes are a maximum of 10 The labeled probe can 
thus be maintained at relatively high concentrations, making 1-2 
Mg of mRNA sufficient for analysis. This also obviates the need 
for a subsequent amplification step and thus avoids the risk of 
altering the relative ratios of different cDNA species in the 
sample. 

Genetic Analysis: Genomic Comparison of Unrelated Strains. 
Microarrays allow efficient comparison of the genomes of dif- 
ferent strains. Genomic DNA from Y55, an 5. cerevino* strain 
divergent from the reference strain S288c, was randomly labeled 
with Q£-dUTP and hybridized simultaneously with the S288c 
DNA labeled with Cy5-dUTP. When a comparison between the 
hybridization of the DNA from the two strains was done, several 



elements gave relatively little or no signal above background from 
!TciiY 3 r, ch ^ ,neJ (data not show n). These include SGE1. 

J^L^ 159 ' Y^ 161 ' EN* 2 (YDRQ39 is 
ENA2), and YCR1Q5. These results imply that the regions 
contauiing these genes are extremely divergent, or all together 
deleted from the strain. Subsequent attempts to generate PCR 
products from SGEl, ENA2, and ASP3A using Y55 DNA failed 
This result supports the conclusion that these genes are likely to 
be missing from the Y55 genome. It is interesting to note that at 
least two of the regions absent in the Y55 genome have been 
previously shown or suggested to be deleted in mutant laboratory 
strains (14-16). In particular, the Asp-3 region appears to be 
highly prone to being deleted (15, 16). 

These results indicate that gene arrays can be used to efficiently 
screen different strains of an organism for large deletion poly- 
morphisms. A single hybridization and scan will reveal differences 
based on differential hybridization to particular elements. It is 
reasonable to suppose that an equivalent number of genes are 
present in the Y55 genome and absent in the S286c genome. This 
result should be viewed as a minimum estimate of the deletion 
polymorphisms that exist between these two unrelated strains as 
intergemc deletions or small intragenic deletions would not be 
detected because considerable hybridizing material would be 
remain. Sequence polymorphisms, such as deletions, are present 
in populations of every species and must at some level affect 
phenotype. One of the challenges of the genome era will be to 
cnticaUy examine sequence polymorphisms that exist in the 
natural gene pool relative to the reference genome sequence, 
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Gene Expression Analysis. The arrays were used to examine 
gene expression in yeast grown under a variety of different 
conditions. Expression analysis is an idea] application of these 
arrays because a single hybridization provides quantitative expres- 

Table 2. Cold shock vs. control expression data 

Ratio of 
gene expression 



FiO.2., ORF categories displaying dif- 
ferential expression between heat shocked 
; and untreated cultures. Ban within cate- 
gories correspond to individual ORF* 
Green shaded bars correspond to relative 
increases in ORF expression under 25*C 
growth conditions. Red shaded bars cor- 
respond to relative increases in ORF ex- 
pression under 39°C growth conditions. 

sion data for thousands of genes. To better understand results for 
genes of known function, ORFs were placed in biologically rele- 
vant categories on the basis of function (e.g., amino add catabolic 
genes) and/or pathways (e.g, the histidine biosynthesis pathway). 
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Description 



Pleiotropic drug resistance protein 
Phosphoglyceratc kinase 
Aldohexosc specific glucokinase 
Heat shock protein 
Nuclear fusion protein 

Mitochondrial heat shock protein of clpb family of ATP-dependem proteases 
Ubiquitin precursor 
Heat shock protein 
Heat shock protein 

a, o-Trchalosc-phosphatc synthase (UDP-forming) 
Heat shock protein 

Similarity to HSP30 heat shock protein Yrolp 

Heat shock protein 

Heat shock protein 

High-affinity hexose transporter 

Putative hexose transporter 

Hexokinase I 

Moderate- to low-affinity glucose transporter 
Low-affinity hexose (glucose) transporter 
Nucleolar rRNA processing protein 
40$ ribosomal protein p40 homolog b 
Ribosomal protein $3a.c 
Ribosomal protein L7a.c.B 
Ribosomal protein L15.e 
Ribosomal protein 

Cold- and heat-shock-induced protein of the Srpl/Tiplp family 
Cold-shock-induced protein of the Tirlp, Tiplp family 
Hypothetical protein 
Hypothetical protein 
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Table 3. Glucose n; galactose expression data 
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Ratio of 
gene expression. 
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YDR408 


ADE8 
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YDR408 


ADE8 


4.4 




YAR015 
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5.6 
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YGL234 
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63 


YBL015 


ACH1 



Description i. 



] Arginosuccmatc ly«e - f 

Glutamate-ammonia ligase , i . : < 

Aminotriazole and 4-nitroquinoline resistance protein 

'Alcohol dehydrogenase 1 II.. 

Alcohol dehydrogenase. V . r 

ADP, ATP carrier protein 2 ... . 
; ' AD? 9 ATP carrier protein r 

H* -transporting ATP synthase 6 chain precursor 
* -transporting ATP synthase y chain precursor v 

Lactate dehydrogenase cyiochrorne. b2 . ! 

Lactate dehydrogenase cytochrome b2 
' Cytochrome^ reductase . 

- Ubiquinol-cytochroine c reductase 44K core protein , - - - . 
Cytochrome c oxidase chain VII A 

Cytochrome c oxidase, subuhit VIB 
Cytochrome c oxidase subunit VI 

- Cytochrome c oxidase chain VIII 
Ubiquinol-cytochrcrmc c reductase 17K protein 
Galactose (and glucose) permease 
UDP-glucose-hexose-1 -phosphate uridytyltransferase 
Galactokinase 

UDP-glucose 4-cpimerase , 

Galactose (and glucose) permease. . M> 

Galactokinase , 

Negative regulator for expression of galactose-tnduced genes 

Negative regulator for expression of galactose-induced genes 

ATP phosphoribosyi transferase 

Glutamine amidotransferase/cydase 

Phosphoribosyl-AMP cyclohydrolasc/phosphoribosyl-ATP pyrophosphatase/histidinol 

dehydrogenase 
Methylcnetetrahydrofoiate dehydrogenase (NAD+) 
Glycine decarboxylase T subunit 
Serine hydroxymethyltransf erase. 
High-affinity inorganic phosphate/H" symporter 
Phosphoribosylglycinamide formyltransferase (GART) 
Phosphonl>osylglyciharnide formyltransferase (GART) 
Phosphoribosylamidoimidazolc-succinocarboxamidc synthase 
Amidophosphoribosyltransfcrase 
Phosphoribosylaminoimidazole carboxylase < 

Phosphoribosylamine-glycine ligase and phosphoribosylfomylglyrinamidine cydo-ligasc 
Aoetyl-CoA hydrolase 



Heat Shock Results. A log phase culture growing in YEP/ 
dextrose medium at 25°C was split in half. One half of the 
culture remained at 25*C whereas the other half of the culture 
was shifted to 39°C mRNA was isolated from both cultures 1 h 
after heat shock for comparison on microarrays and, although 
this time point is not optimal for measuring induction of heat 
shock mRNAs (17), many known heat shock genes exhibited 
considerable induction at this time point (Table 1; Fig. 2). 
Down-regulation of genes in the ribosomal protein and histone 
gene categories was also observed. Differential expression 
between the heat-shocked culture and the control was also 
observed for many other genes. Genes in many categories, such 
as amino acid catabolism and amino acid synthesis, exhibited 
a mixed response with some genes showing little or no 
differential expression and other genes showing a significant 
increase or decrease in gene expression in response to heat 
shock (Table 1; Fig. 2). 

Cold Shock Results. A log phase culture growing in YEP/ 
dextrose medium at 37°C was split in half. One half of the 
culture remained at 37°C while the other half of the culture was 
shifted to 18°C mRNA was isolated from both cultures 1 h 
after cold shock for comparison on microarrays. As expected, 



two known cold shock genes (TIP1, TIR1) were expressed at 
a significantly higher level in the cold-shocked culture. Genes 
in other functional categories, such as glucose metabolism and 
heat shock displayed a mixed response with expression of some 
genes being unaffected and other genes exhibiting significant 
up- or down-regulation in response to cold shock (Table 2). 

Steady-State Galactose vs. Glucose Results. mRNA was 
isolated from steady-state log phase YEP galactose and YEP 
glucose grown cultures for comparison on the microarrays. As 
expected, the GAL genes were expressed at a much higher 
level in the galactose culture. Many genes were differentially 
expressed in these cultures that were not a priori expected to 
exhibit differential expression. For example, some genes in the 
amino acid catabolic category were up-regulated in the galac- 
tose culture whereas genes in the one-carbon metabolism and 
purine categories were largely or entirely down-regulated in 
the galactose culture (Table 3). Genes in other categories, such 
as amino acid synthesis, abc transporter, cytochrome c, and 
cytochrome 6, exhibited mixed responses; some genes in a 
category showed little or no obvious differential expression 
whereas other genes in the same category showed significant 
differentia] expression in the galactose and glucose cultures. 
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, ^DISCUSSION 
nie results of these experiments show that many genes are 
differentiaDy expressed under the three environmental condi- 
tions described here. The expected and predioeddmges in cene^ 
egression, such as HSP12 in the heat-shocked culture, TEFl in 
the cold-shocked culture, and GAL2 in the steady-state galactose 
culture, were observed in every case. However, in addition to the' 
expected changes in gene . expression, significant differential 
expression was also observed formally other genes that would 
not, a priori, be expected to be differentially expressed. For 
example, expression of PHOll decreased and expression of* 
YLR194, KIN2, and HXT6 increased in the heat shocked culture. 
Expresaon afMSTl and ? APE3 decreased and expression of 
PDR5 and GAR1 increased in the cold-shocked culture. In - 
addition, ADE4 and SER2 were expressed at reduced levels 
whereas PH084 and AOT1 were expressed at higher levels in 
cells grown in galactose compared with cells grown in glucose. 
Differentia] expression of these and many other genes was specific 
to one of these three environmental conditions. 

Many other genes were found to be differentially expressed 
under more than one condition. When differentially expressed 
genes in cold- and beat-shocked cultures were compared, 30 
Bents were fou nd in common. Of these 30 genes, 28 showed 
inverse expression (ix„ increased expression under one condition 

v/2SS cas !^^ >rcssion undcr othcr condition). Two genes, 
YORQ58 and YKL102, showed elevated expression in re^seto 
boto cold and heat shock. Fifteen genes were founcTto be 
differentially expressed in both the heat-shocked and steady-state 
galactose cultures: 9 genes showed increased expression and 5 
showed decreased expression under both conditions. Twenty 
genes were differentially expressed in both the cold-shocked and 
steady-state galactose cultures: 8 genes showed decreased expres-' 
sum and 5 genes showed increased expression under both con. 
ditions. Six genes showed increased expression in the galactose 
culture and decreased expression in the cold shocked culture 
One gene (ODP1) showed increased expression in both the 
cold-shocked and steady-state galactose cultures. 

Gene expression is affected in a global fashion when environ- 
mental conditions are changed and both expected and unex- 
peaed genes are affected There is also overlap in the genes that 
are differentially expressed under quite different environmental 
conditions. These results can be rationalized by considering the 
high degree of cross-pathway regulation in yeast. For example/ 
there is evidence for cross-pathway regulation between (i) carbon 
and nitrogen metabolism (18), (u) phosphate and sulfate metab- 
olism (19), and (uQ purine, phosphate, and amino add metabo- 
lism (20-24). There are also examples of the interaction of 
general and specific transcription factors (25, 26). Finally, within 
the broad class of amino add biosynthetic genes, there is evidence 
for ammo add spedfic regulation of some genes, regulation via 
general control for other genes, and regulation via both specific 
and general control for other genes (22, 27-30). - 

Cross-pathway regulation arises from the complex structure 
of promoters. Virtually all promoters contain sites for multiple 
transcription factors and, therefore, virtually all genes are 
subject to combinatorial regulation. For example, the HIS4 
promoter contains binding sites for GCN4 (the general amino 
aad control transcription factor), PH02/BAS2 (a transcrip- 
tional regulator of phosphatase and purine biosynthetic 
genes), and BAS1 (a transcriptiorial regulator of purine bio- 
synthetic genes) (31). It is likely that the complex effects on 
gene expression described in this work are a direct conse- 
quence of the combinatorial regulation of gene expression 

These findings illustrate the power of the highly parallel whole 
genome approach when examining gene expression. The global 
effects of environmental change on gene expression can now be 
direct* visualized. It is dear that detennining the mcchanism(s) 
and the functional role of the dramatic global effects on gene 
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expression in different environments win be a significant chal- 
lenge. The era of whole genome analysis win, ultimately allow 
resear^toswitchfromtte^ 

viewof gene expression and instead viewticctfr^iBalai« 
* complex network of gene regulatory pathways. 
, With the entire sequence of this model organism known, new 
approaches' been developed that allow for genome wide 
^ses (32, 33 oTgene function. The genome rn^aj 
. - represent a novel tool for genetic and expression analysis of the 
yeast genome. Tins i pilot study uses arrays containing >35% of 
the yeast ORFs and it is dear that the entire set of ORFstam 
toe yeast genome can be arrayed using the directed primer based 
7 "5^51 dc , t 1 a ? C l h ? c ' Recem adv *nces in arraying technology 
z, wfll aBow all 6, 1 00 ORFs to be arrayed in an area of le^I U 
cm 3 . Furthermore, as the technology improves, detection limits 
will allow le*than 500 ng of starting mR^ 
for making probe. 

The genome arrays provide for a robust, fully automated 
approach toward examining genome structure and gene func- 
tion. They allow for comparisons between different genomes 
ay well as a detailed study of gene expression at the global level 
Tins research will help to elucidate relationship between 
, genes and allow the researcher to understand gene function by' 
understanding expression patterns across the yeast genome. 

P0%G002^ ** National Institutes of Health 'Grant 
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Exploring the Metabolic and Genetic Control of 
Gene Expression on a Genomic Scale 

- wloseph. L DeRisi, Vishiwanath fOyery Patrick Brown* , ' ] 

DNA microarrays containing virtually every gene of Saccharomyces cerevisiae were used 
to carry out a comprehensive investigation of the temporal program of gene expression 
accompanying the metabolic shift from fermentation to respiration. The expression 
profiles observed for genes with known metabolic functions pointed to features of the 
metabolic reprogramming that occur during the diauxic shift, and the expression patterns 
of many previously uncharacterized genes provided clues to their possible functions. The 
same DNA microarrays were also used to identify genes whose expression was affected 
by deletion of the transcriptional co-repressor TUP1 or overexpression of the transcrip- 
tional activator YAP1. These results demonstrate the feasibility and utility of this Ap- 
proach to genomewide exploration of gene expression patterns. i 



The complete sequences of nearly a dozen 
microbial genomes are known, and in the 
next several years we expect to know the 
complete genome sequences of several 
metazoans, including the human genome. 
Defining the role of each gene in these 
genomes will be a formidable task, and un- 
derstanding how the genome functions as a 
whole in the complex natural history of a 
living organism presents ah' even greater 
challenge. 

Knowing when and 'where a gene is 
expressed often provides a strong clue as to 
its biological role. Conversely, the pattern 
of genes expressed in a cell can provide 
detailed information about its state. Al- 
though regulation of protein abundance in 
a cell is by no means accomplished solely 
by regulation of mRNA, virtually all dif- 
ferences in cell type or state are correlated 
with changes in the mRNA levels of many 
genes. This is fortuitous because the only 
specific reagent required to measure the 
abundance of the mRNA for a specific 
gene is a cDNA sequence. DNA microar- 
rays, consisting of thousands of individual 
gene sequences printed in a high-density 
array on a glass microscope slide (j, 2), 
provide a practical and economical tool 
for studying gene expression on a very 
large scale (3-6). 

Saccharomyces cerevisiae is an especially 
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favorable organism in which to' conduct a 
systematic investigation of gene expression. 
The genes are easy to recognize in the ge- 
nome sequence, cis regulatory elements are 
generally compact and close to the tran- 
scription units, much is already known 
about its genetic regulatory mechanisms, 
and a powerful set of tools is available for its 
analysis. ' ' ' : 

A recurring cycle in the natural history 
of yeast involves a shift from anaerobic 
(fermentation) to aerobic (respiration) me- 
tabolism. Inoculation of yeast into a medi- 
um rich in sugar is followed by rapid growth 
fueled by fermentation, with the production 
of ethanol. When the fermentable sugar is 
exhausted, the yeast cells turn to ethanol as 
a carbon source for aerobic growth. This 
switch from anaerobic growth to aerobic 
respiration upon depletion of glucose, re- 
ferred to as the diauxic shift, is correlated 
with widespread changes in the expression 
of genes involved in fundamental cellular 
processes such as carbon metabolism, pro- 
tein synthesis, and carbohydrate storage 
(7). We used DNA microarrays to charac- 
terize the changes in gene expression that 
take place during this process for nearly the 
enure genome, and to investigate the ge- 
netic circuitry that regulates and executes 
this program. 

Yeast open reading frames (ORFs) were 
amplified by the polymerase chain reaction 
(FCR), with a commercially available set of 
primer pairs (8). DNA microarrays, con- 
taining approximately 6400 distinct DNA 
sequences, were printed onto glass slides by 
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using a simple robotic , printing device (9). 
Cells from an exponentially growing culture 
. of yeast were inoculated into fresh medium . 
and ; <grcnynrat 30°C for y ,21 hours. After an ; ; 
initial 9 hours of growth, samples were har- . 
vested at seven successive 2-hour intervals, . 
i and mRNA was i$oUted.(10KRuoTesceiitly , 
labeled cDNA was prepared by reverse train- * 
scription ,in the presence of Cy3 (green)-, 
or Gy5(red)-labeled deoxyuridine triphos- 
phate (dUTT) (J 1) and then hybridized to ^ 
the microarrays (J2).To maximize the re- 
liability with which changes in expression 
levels could be discerned, we labeled cDNA 
prepared from cells at each successive time . 
point with, Gy5, then mixed it with a Cy3r : 
labeled "reference" cDNA sample prepared 
from cells harvested at the first interval 
after inoculation. In rigs, experimental de- 
sign, the relative - fluorescence intensity 
measured for; the Cy3 and Cy5 fluors at 
each array element provides a reliable mea- r 
sure of the relative abundance of the corre- 
sponding mRNA in the two cell popula- 
tions (Fig. 1). Data from the series of seven 
samples (Fig. 2), consisting of more than 
43,000 -expression-ratio . measurements, 
were organized into a database to facilitate 
efficient exploration and analysis of the 
results. This database is publicly available 
on the Internet (13). 

During exponential growth in glucose- 
rich medium, the global pattern of gene ~ 
expression was remarkably stable. Indeed, 
when gene expression patterns between the 
first two cell samples (harvested at a 2-hour 
interval) were compared, mRNA levels dif- 
fered by a factor of 2 or more for only 19 
genes (0 J%), and the largest of these dif- 
ferences was only 2.7-fold ( 14). However, as 
glucose was progressively depleted from the 
growth media during the course of the ex- 
periment, a marked change was seen in the 
global pattern of gene expression. mRNA 
levels for approximately 710 genes were 
induced by a factor of at least 2, and the 
mRNA levels for approximately 1030 genes 
declined by a factor of at least 2. Messenger 
RNA levels for 183 genes increased by a 
factor of at least 4, and mRNA levels for 
203 genes diminished by a factor of at least 
4. About half of these differentially ex- 
pressed genes have no currently recognized 
function and are not yet named. Indeed, 
more than 400 of the differentially ex- 
pressed genes have no apparent homology 
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to any gene whose .runcuoh is known (15). 
The responses of these previously unchar- 
acteraed genes to the diauxic shirt therefore 
provides the first small due to their possible 
roles. ; .' <jtv . . 

The global view of changes in expres- 
sion of genes with known functions pro- 
vides a vivid picture of the -.way, in which 
the cell adapts to a changing environ- 
ment. Figure 3 shows a portion of the yeast 
metabolic pathways . involved in carbon 
and energy metabolism. Mapping the 
changes we observed ;in the mRN As en- 
coding each eruyme onto this framework 
• allowed us to infer? the redirection in the 
flow of metabolites through this system. 
We observed large inductions of the genes 
coding for the, enzymes aldehyde dehydro- 
genase (ALD2) and acetyl-coenzyme : 
A(CoA) synthase (AGS/), which func- 
tion together to convert the products of 
alcohol dehydrogenase into acetyl-CoA, 
which in turn is used. to fuel the tricarbox- 
ylic acid (TCA) cycle and the glyoxylate 
cycle. The concomitant shutdown of tran- 
scription of the genes encoding pyruvate 
decarboxylase and induction of pyruvate 
carboxylase rechanneb pyruvate away 
' from acetaldehyde, and instead to oxalac- 
etate. where it can serve to supply the 
TCA cycle and gliiconeogenesis. Induc- 
tion of the pivotal genes PCKi , encoding 
phosphoenolpyruvate carboxykinase, and 
FBPJ, encoding fructose l;6-biphos- 
phatase, switches the directions of two key 
irreversible steps in glycolysis, reversing 
the flow, of metabolites along the revers- 
ible steps of the glycolytic pathway toward 
the essential biosynthetic precursor, glu- 
coses-phosphate. Induction of the genes 
coding for the trehalose synthase and gly- 
cogen synthase complexes promotes chan- 
neling of glucose-6-phosphate into these 
carbohydrate storage pathways. 

Just as the changes in expression of 
genes encoding pivotal enzymes can pro- 
vide insight into metabolic reprogram- 
ming, the behavior of large groups of func- 
tionally related genes can provide a broad 
view of the systematic way in which the 
yeast ceil adapts to a changing environ- 
ment (Fig. 4). Several classes of genes, 
such as cytochrome c-related genes, and 
those involved in the TCA/glyoxylate cy- 
cle and carbohydrate storage, were coordi- 
nate^ induced by glucose exhaustion. In 
contrast, genes devoted to protein synthe- 
sis, including ribosomal proteins, tRNA 
synthetases, and translation, elongation, 
and initiation factors, exhibited a coordi- 
nated decrease in expression. More than 
95% of ribosomal genes showed at least 
twofold decreases in expression during the 
diauxic shift (Fig. 4) (13). A noteworthy 
and illuminating exception was that the 



genes encoding mitochondrial ribosomal 
genes were generally induced rather than 
"repressed after glucose limitation* high- 
lighting the requirement for mitochondrial 
. 'biogenesis (J3). As more isJeamed about . 
the functions of every gene in the yeast 
genome; 1 the ability to gain insight into a 
cell's response to a changing environment . 
through its global gene expression patterns 
will become increasingly powerful.- : - r 

Several distinct temporal patterns of ex- 
pression , could be recognized, t and. sets of 
genes could be grouped on the basis of the . 
similarities in their . expression' patterns. The 
. characterized ^members of each of these 
groups also. shared inuportant similarities, in ! 
their functions. Moreover, in most cases, 
common regulatory mechanisms could be 
inferred for sets of genes with similar expres- 
sion profiles. For example, seven genes 
showed a late induction profile, with mRNA 
leveb increasing, by more than ninefold, at 



*c last timepbint but less than threefold at 
the preceding tirnqxHiu {Bg^5B).^Xll of 
these genes were known to be glucose-re- 
pressed, ^ five rfthewen were previously 
noted to share a common upstream activat- 
ing sequence (UAS), the carbon source re- 
sponse element '(CSRE) (16-20). A search 
in the promoter regions of the remaining two 
genes, ^CRl and IDP2, revealed that 
ACRi, a gene essential for ACS1 activity, 
also possessed a consensus CSRE motif, but 
ima&in^y, IDP2 did not. A search of the 
entire yeast genome sequence for the con- 
sensus CSRE motif revealed only four addi- 
tional candidate genes, none of which 
showed a similar.: induction. " . 

Examples from; additional . groups of 
genes that shared expression profiles are 
illustrated in Fig. 5, C through F.The 
sequences upstream of the named genes in 
Fig. 5C all contain stress response ele- 
ments (STRE), and with the exception 




EErl™ 9enome mooarray. The actual size of the microarray is 16 mm by 16 mm The 

s S^ir^ 85 d6SCribed i9) ™* ima9e was obtained ^ <ne sa^ C^scem 
r^T 9 f! 0031 m,croscope used t0 co,tect a » the data we report (49). A fluorescent* tabefed 

S^crfCrf Z2¥^ M H 9,UC ° Se ^ ° f 19 * lto > by reveree trans^ion^Z 
fmTt^cJmJ 3 second P^be was prepared from mRNA isolated from cells taken 

<o 2 Z CU tUfe ?' 5 h ° urS later (cufture denslty of - 2 x 108 ce « s/m| . with a glucosete^S 
n * JK^T reverSe transcnDt,on in presence of CyS-dUTP. In this image. hybridizattonTme 
Cy3-dLm^abeled cDNA (that is, mRNA expression at the initial timepoint) is rVpresW 
signal, and hybridization of Cy5-dUTP-Jabeted cDNA (that is. mRNA ex^TaT 9 5 r42^ 

^ 3S h ^ Si9naL ThUS ' 9enes induced or re <> ressed after ^ d^shm aweS^'hJ 
mage as red and green spots, respectively. Genes expressed at roughly equal levels before** I aft* 
the diauxic shift appear in this image as yellow spots. reanaaner 
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of HSP42, have previously been shown to 
be controlled at least in pan by these 
elements {21-24). Inspection of the se- 
quences upstream of HSP42 and the two 
uncharactemed genes shown in Fig. 5C, 
YKL026c, a hypothetical protein with 
similarity to glutathione peroxidase, and 
YGR043c, a putative rxansaldolase, re- 
vealed that each of these genes also pos- 
sess repeated upstream copies of the stress- 
responsive CCCCT motif. Of the 13 ad- 
ditional genes in the yeast genome that 
shared this expression profile [including 
HSP30, ALD2, OM45, and 10 uncharac- 
temed ORFs (25)1, nine contained one or 
more recognizable STRE sites in their up- 
stream regions. 

The heterotrimeric transcriptional acti- 
vator complex HAP2,3,4 has been shown 
to be responsible for induction of several 
genes important for respiration (26-28). 
This complex binds a degenerate consensus 
sequence known as the CCAAT box (26). 
Computer analysis, using the consensus se- 
quence TNRYTGGB (29), has suggested 
that a large number of genes involved in 
respiration may be specific targets of 
HAP2JA (30). Indeed, a putative 
HAP2,3 t 4 binding site could be found in 
the sequences upstream of each of the seven 
cytochrome c-related genes that showed 
the greatest magnitude of induction (Fig. 
5D). Of 12 additional cytochrome c-related 
genes that were induced, HAP2 t 3 t 4 binding 
sites were present in all but one. Signifi- 
cantly, we found that transcription of 
HAP4 itself was induced nearly ninefold 
concomitant with the diauxic shirt. 

Control of ribosomal protein biogenesis 
is mainly exened at the transcriptional 
level, through the presence of a common 
upstream-activating element (UAS-) 
that is recognized by the Rapl DNA-bina- 
ing protein (3J ( 32). The expression pro- 
files of seven ribosomal proteins are shown 
in Fig. 5F. A search of the sequences 
upstream of all seven genes revealed con- 
sensus Rapl -binding motifs (33). It has 
been suggested that declining Rapl levels 
in the cell during starvation may be re- 
sponsible for the decline in ribosomal pro- 
tein gene expression (34). Indeed, we ob- 
served that the abundance of RAPl 
mRNA diminished by 4.4-fold, at about 
the time of glucose exhaustion. 

Of the 149 genes that encode known or 
putative transcription factors, only two, 
HAP4 and SIP4, were induced by a factor of 
more than threefold at the diauxic shirt. 
S1P4 encodes a DNA-binding transcrip- 
tional activator that has been shown to 
interact with Snfl, the "master regulator" of 
glucose repression (35). The eightfold in- 
duction of SIP4 upon depletion of glucose 
strongly suggests a role in the induction of 



downstream genes at the diauxic shift. 

Although most of the transcriptional 
responses that we observed were not pre- 
viously known, the responses of many 
genes during the diauxic shift have been 
described. Comparison of the results we 
obtained by DNA microarray hybridiza- 
tion with previously reported results there- 
fore provided a strong test of the sensitiv- 
ity and accuracy of this approach. The 
expression patterns we observed for previ- 
ously characterized genes showed almost 
perfect concordance with previously pub- 
lished results (36). Moreover, the differ- 
ential expression measurements obtained 
by DNA microan-ay hybridization were re- 
producible in duplicate experiments. For 
example, the remarkable changes in gene 
expression between cells harvested imme- 
diately after inoculation and immediately 
after the diauxic shift (the first and sixth 
intervals in this time series) were mea- 
sured in duplicate, independent DNA mi- 
croarTay hybridizations. The correlation 
coefficient for two complete sets of expres- 
sion ratio measurements was 0.87, and for 
more than 95% of the genes, the expres- 



sion ratios measured in these duplicate 
experiments differed by less than a factor 
of 2. However, in a few cases, there were 
discrepancies between our results and pre- 
vious results, pointing to technical limita- 
tions that will need to be addressed as 
DNA microarray technology advances 
(37, 38). Despite the noted exceptions, 
the high concordance between the results 
we obtained in these experiments and 
those of previous studies provides confi- 
dence in the reliability and thoroughness 
of the survey. 

The changes in gene expression during 
this diauxic shift are complex and involve 
integration of many kinds of information 
about the nutritional and metabolic state 
of the cell. The large number of genes 
whose expression is altered and the diver- 
sity of temporal expression profiles ob- 
served in this experiment highlight the 
challenge of understanding the underlying 
regulatory mechanisms. One approach to 
defining the contributions of individual 
regulatory genes to a complex program of 
this kind is to use DNA microarrays to 
identify genes whose expression is affected 



Fig. 2. The section of the ar- 
ray indicated by the gray box 
in Fig. 1 is shown for each of 
the experiments described 
here. Representative genes 
are labeled. In each of the ar- 
rays used to analyze gene 
expression during the diauxic 
shift, red spots represent 
genes that were induced rel- 
ative to the initial timepoint, 
and green spots represent 
genes that were repressed 
relative to the initial timepoint. 
In the arrays used to analyze 
the effects of the top 7 A mu- 
tation and YAPl overexpres- 
sion, red spots represent 
genes whose expression was 
increased, and green spots 
represent genes whose ex- 
pression was decreased by 
the genetic modification. Note 
that distinct sets of genes are 
induced and repressed in the 
different experiments. The 
complete images of each of 
these arrays can be viewed on 
the Internet (73). Cell density 
as measured by optical densi- 
ty (OD) at 600 nm was used to 
measure the growth of the 
culture. 
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by mumtk^ in each putadvc regulatory 
gene. As a test of this strategy , we analyzed 
the genomewide changes in gent expression 
that result from i deletion of u^TUPJ gene. 
Transcriptional repression of many , genes by 
glucose requires the DMA-binding repressor 



Migl and is mediated by recruiting the tran- 
scriptional co-repressors Tupl and Cyc8/ 
Ssn6 (39) . Tup I "has also been impficated in 
repression of oxygen-regulated, ma ting-type- 
specific,; and.DNA^daniage-inducible genes 
(40): - • ' - ... . - 




— r Ptntote Phosphate** :1 

23Ex«pCUI-e*— * Pathway, RNA, DNA, '\ 
, Proteins - . 




,v Glycolysis/ . 
-GA-3-P Ofuconaoganaaia 




Rg. 3. Metabolic reprogramming inferred from global analysis of changes in gene expression. Only key 
metabolic intermediates are identified. The yeast genes encoding the enzymes that catalyze each step 
in this metaboOc circuit are identified by name in the boxes. The genes encoding sucdnyi-CoA synthase 
and glycogen-debranching enzyme have not been expficitly identified, but the ORFs YGR244 and 
YPR184 show significant homology to known suconyf-CoA synthase and glycogen-debranching en- 
zymes, respectively, and are therefore included in the corresponding steps in this figure. Red boxes with 
white lettering identify genes whose expression increases in the diauxic shift. Green boxes with dark 
green lettering identify genes whose expression diminishes in the diauxic shift. The magnitude of 
induction or repression is indicated for these genes. For muftimeric enzyme complexes, such as 
succinate dehydrogenase, the indicated fold-induction represents an unweighted average of ail the 
genes listed in the box. Black and white boxes indicate no significant differential expression (less than 
twofold). The direction of the arrows connecting reversible enzymatic steps indicate the direction of the 
flow of metaboBc intermediates, inferred from the gene expression pattern, after the diauxic shift. Arrows 
representing steps catalyzed by genes whose expression was strongly induced are highlighted in red. 
The broad gray arrows represent major increases in the flow of metabolites after the diauxic shift 
inferred from the indicated changes in gene expression. 



Reports 



Wild-type yeast cells and cells bearing 
a deletion of the TUP J gene (tup] A) were 
grown in parallel cultures in rich medium 
containing glucose as the carbon source. 
Messenger RNA was isolated from expo- 
nentially growing cells from the two pop- 
ulations and used to prepare cDNA la- 
beled with Cy3 (green) and Cy5 (red), 
respectively (I I ); The labeled probes were 
mixed and simultaneously : hybridized to 
the microarray : Red spots on the microar- 
ray therefore represented genes " whose 
transcription was induced in the tup/A 
strain, and thus presumably repressed by 
Tupl (4 1 ). A representative section of the 
microarray (Fig. 2, bottom middle panel) 
illustrates that the genes whose expression 
was affected by trie rujt>IA mutation; were, 
in general, distinct from those induced 
upon glucose exhaustion [complete images 
of all the arrays shown iriFig. 2 are avail- 
able on the Internet (13)1 Nevertheless, 
34 (10%) of the genes that were induced 
by a factor of at least 2 after the diauxic 
shift were similarly induced by deletion of 
TUP J , suggesting that these genes may be 
subject to TUP I -mediated .repression by 
glucose. For example, SUC2, the gene en- 
coding invertase, and all five hexose trans- 
porter genes that were induced during the 
course of the diauxic shift were similarly 
induced, in duplicate experiments, by the 
deletion of TUP] . • . 

1 The set of genes affected by Tupl in this 
experiment also included a-glucosidases, 
the mating-r^pe-specific genes MFAJ and 
MFA2, and the DNA darnage-inducibk 
RNR2 and RNR4, as well as genes involved 
in flocculation and many genes of unknown 
function. The hybridization signal corre- 
sponding to expression of TUP/ itself/ was 
also severely reduced because of the (irt 
complete) deletion of the transcription unit 
in the tupJA strain, providing a positive 
control in the experiment (42). 

Many of the transcriptional targets of 
Tupl fell into sets of genes with related 
biochemical functions. For instance, al- 
though only about 3% of all yeast genes 
appeared to be TUP J -repressed by a factor 
of more than 2 in duplicate experiments 
under these conditions, 6 of the 13 genes 
that have been implicated in flocculation 
(J5) showed a reproducible increase in 
expression of at least twofold when TUP J 
was deleted. Another group of -related 
genes that appeared to be subject to TUP] 
repression encodes the serine-rich cell 
wall mannoproteins, such as Tipl and 
Tirl/Srpl which are induced by cold 
shock and other stresses (43), and similar, 
serine-poor proteins, the seripauperins 
(44). Messenger RNA levels for 23 of the 
26 genes in this group were reproducibly 
elevated by at least 2.5-fold in the tupl A 
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strain, arid 18 of these genes were induced 
by more than sevenfold when TUP J was 
deleted. ; In contrast, none of 83 genes that 
could be classified as putative regulators of 
the cell division cycle were induced more 
than , twofold, by deletion of TUP J . Thus,^ 
despite the diversity of the regulatory sys- 
tems that employ Tup 1, most of the genes ' 
that . it regulates under these conditions 
fall into a limited number of distinct func- 
tional classes. ' 

Because the microarTay aUows .iis'to' 
monitor expression of nearly every gene in 
yeast, we can, in principle, use this ap- 
proach to identify all the transcriptional 
targets of a regulatory protein like Tup L' It. 
is important to note,. however, that in any. 
single experiment of this kind we can only 
recognize those' target genes that are nor r 
mally repressed (or induced) under the 
conditions of the experiment. For in- 
stance, the experiment described here an- 
alyied a MAT a strain in which MFAJ 
and MFA2, the genes encoding the, a- 
factpr ; mating pheromone precursor, are 
normally repressed. In the isogenic tup J A 
strain, these genes were inappropriately 
expressed, reflecting the role that Tupl 
plays in their repression. Had we instead 
carried out this experiment with a MATA 
strain (in which expression of MFAJ and 
MFA2 is not repressed), it would not have 
been possible to conclude anything re- " 
garding the role of Tupl in the repression 
of these genes. Conversely, we cannot dis- ~ 
tinguish indirect effects of the chronic 
absence of Tup 1 in the mutant strain from 
effects directly attributable to its partici- 
pation in repressing the transcription of a 
gene. 

Another simple route to modulating the 
activity of a regulatory factor is to overex- 
press the gene that encodes it. YAPI en- 
codes a DNA-binding transcription factor 
belonging to the b-xip class of DNA-bind- 
ing proteins. Overexpression of YAP] in 
yeast confers increased resistance to hydro- 
gen peroxide, o-phenanthroline, heavy 
metals, and osmotic stress (AS). We ana- 
lyzed differential gene expression between a 
wild-type strain bearing a control plasmid 
and a strain with a plasmid expressing YAPI 
under the control of the strong GALJ-JO 
promoter, both grown in galactose (that is, 
a condition that induces YAP J overexpres- 
sion). Complementary DNA from the con- 
trol and YAP] overexpressing strains, la- 
beled with Cy3 and Cy5, respectively, was 
prepared from mRNA isolated from the two 
strains and hybridized to the microarTay. 
Thus, red spots on the array represent genes 
that were induced in the strain overexpress- 
ing YAPJ. 

Of the 17 genes whose mRNA levels 
increased by more than threefold when 



YAPI was overexpressed in .this way, five 5 
bear homology to aryl-alcohol oxidoreduc- 
tases (Fig. 2 and Table 1). An additional* 
four of the' genes in this set also belong' to 
the general class of dehydrbgenases/oxi- 
doreductases. Very little is known about" 
the role of aryl-alcohol oxidofeductases in 
S. cettvtswe; but these enzymes have been - 
. isolated from ligriinolytic fungi, in which : 
they participate in coupled redox reac- 
tions, oxidizing aromatic, and aliphatic ' 
unsaturated alcohols to aldehydes with the 
- production of hydrogen peroxide (46, 47)/ 
The fact that a remarkable fraction of the 1 ' 
targets identified in this experiment be- \ 
long to the same small, functional group of : 
oxidoreductases suggests that these genes 



Fig. 4. Coordinated reg- 
ulation of functionally re- 
lated genes. The curves 
represent the average in- 
duction or repression ra- 
tios for all the genes in 
each indicated group. 
The total number of 
genes in each group was 
as follows: ribosoma) 
proteins, 1 12; translation ' 
elongation* and initiation 



might play an important protective role 
during oxidative stress/Transcription of a 
small number of genes was reduced in the 
strain oyerexpressing Yap 1. Interestingly, 
many of these genes encode sugar per- 
meases or enzymes involved in inositol 
metabolism. ; \ ^ ; 

We searched for 3 Yap] -binding sites 
(TTACTAA or TGACTAA) in the se- 
quences upstream of the target genes we 
identified (48). About nvb-thirds of the v 
genes 1 that were induced by more than 
threefold upon Yap 1 overexpression had 
one or more binding' sites within' 600 bases ! 
upstream of the start codon (Table 1), sug- 
gesting that they are 1 directly regulated by 
Yapl. The absence of canonical Yapl-btnd- 
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162-222 (5 sites) 



YAP1 



YFL056C 223.242 
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OYE3 



OYE2 



MDH2 



Putative aryl-alcohol reductase 12.9 

Similarity to bacteria) csgA protein 10.4 

Transcriptional activator involved in g.8 

oxidative stress response 

Homology to aryl-alcohol g.o 

dehydrogenases 

Putative glutathione transferase 7.4 

Putative aryl-ateohol dehydrogenase 7 0 

(NADP+) 

Putative aryl-alcohol reductase 6.5 

Amtnotriazoie and 4-nitroquinoline 6.5 

resistance protein 

Homology to benomyt/methotrexate 6.1 

resistance protein 
Hypothetical protein 

Putative aryl-alcohol dehydrogenase e!o 

NAPDH dehydrogenase (old yellow 5.8 

enzyme), isoform 3 

Homology to hypothetical proteins 4 7 

YCRl02candYNL134c 

Homology to hypothetical protein 4 5 

YMR251W 

NAD(P)H oxidoreductase (old yellow 4.1 

enzyme), isoform 1 

Similarity to A thaliana zeta-crystaflin 3.7 

homotog 

Matate dehydrogenase . 3.3 
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ing sites upstream of the others may reflect 
: an ability of Yapl to bind sites that differ 
from the canonical binding sites, perhaps in 
cooperation with other factors, or less like- 
( ;ly, may^epresent an indirea erTea;of Yapl 
overexpression, mediated by one or more 
intermediary factors. Yapl sites were found 
only four times in the corresponding region 
of an arbitrary set of 30 genes that were not 
.differentially regulated, by Yapl. ■ : 
r ^ Use of a DNA micrbarray to. character- 
ize the transcriptional . consequences of 
.mutations affecting the activity of regula- 
tory. molecules provides a simple and pow- 
erful approach to dissection and. character- 
ization of regulatory pathways and net- 



works. This strategy; also has an important 
practical ^application in drug screening. 
Mutations in specific genes encoding can- 
didate drug targets can serve as surrogates 
for the ideal .chemical inhibitor, or modu- 
lator of their .activity. DNA microarrays 
can bemused to define the. resulting .signa- 
rture pattern of alterations in gene expres- 
sion, and f then subsequently , used in-an 
assay to screen for compounds- that repro- 
duce. the desired signature pattern.. : w . 
. DMA microarrays provide a simple and 
economical way . to explore gene expres- 
sion, patterns on a genomic scale'. \ The 
hurdles to extending this approach to any 
'.other organism are minor. The equipment 
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the last tomepo«nt (20.5 hours). Wrth the exception otlDP2. each of these genes has a CSRE UAS There 
were no additional genes observed to match this profile. (C) Seven members of a class of genes marked 
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repeats in their, upstream promoter regions. (D) Cytochrome c oxidase and ubiquinoi cytochrome c 
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a consensus^nd^ motrl 'tor the HAP2.3.4 protein complex. At least 17 genes shared a sirnZ 
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tional regulator of most ribosoma) proteins. ^ 



; required for fabricating and using DNA 
microarrays (9) coruisb of components 
that were chosen for their modest con and 
simplicity. It was feasible for a small group 
to accomplish die amplification of more 
} than 6000 genes in about 4 months and, 
: once the amplified gene sequences 1 were in 
hand* only;2 days were required to print a 
:set of 1 10 microarrays of 6400 elements 
each. Probe preparation, hybridization, 
tand fluorescent imaging are also simple 
procedures. Even conceptually simple ex- 
periments, as we described here, can yield 
vast amounts of information. The value of 
the information from each experiment of 
this kind will: progressively i increase as 
more is learned about the functions of 
each gene and* as additional experiments 
definecthe global changes in gene expres- 
sion in diverse other natural processes and 
genetic perturbations/ Perhaps, the greatest 
challenge how is to develop efficient 
methods for organizing, distributing, inter- 
preting, and extracting insights from the 
large volumes of data these experiments 
•will provide., s : 
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Human Genome Placed on Chip; Biotech Rivals Put It Ud 
for Sale * 



By ANDREW POLLACK (NYT) 1030 words 
The genome on a chip has arrived. 



Melding high-technology with biology, several companies arerushing to sell'slivers of glass or' 
nylon, some as small as postage stamps, packed with pieces of all 30,000 or so known human 
genes. 

Thenew products will allow scientists to scan all genes in a hiunan tissue sample at once to 
determine which , genes are active, a job that previously required two or more chips. The ^.ole- 
genome chips will lower the cost and increase the speed of a widely used test that has 
transtonned Diomedical research in the last few years. ' ^ 

f X ?T A eve ^v«y similar to generating an integrated circuit of the genome," 
said Stephen P. A Fodor, the chief executive of Affymetrix Inc., the leading seller of gene chips 
which are also called microarrays. wup*, 

Afr^netiix based in Santa Clara, Calif, is expected to announce today that it is accepting orders 
for its whole-genome chip. v 6 wiuci* 

The announcement seems timed to steal some thunder from the rival Agilent Technologies 
which is based in nearby-Pa o Alto. Agilent is to be the host of an analyst meeting today and it 
plans to announce then that it has started shipping test versions of its, whole-genome chip. 

Applied Biosystems of Foster City, Calif, a unit of the Applera Corporation, started the race in 
July wrfh an announcement that it would have a whole-genome chip out by the end of this year. 
NimbleGen Systems, a small company in Madison, Wis., announced a few days later that it had a 
genome on a chip that it was not selling but that it was using to run tests for customers. 

Gene chips, which detect genes that are active, meaning they are being used to make a protein, 
have become essential tools. Scientists try to understand the genetic mechanisms of disease by 
seeing which genes are turned on in, say, a sick kidney or lung compared with those active in a 
healthy organ. Pharmaceutical companies look at gene activity patterns to try to predict the 
effects of drugs. 



Scientists have found that tumors that look the same under the microscope can differ in terms of 
which genes are active So studying gene patterns could become a way & aiscrimihate beWS 
d f» dl y noHOrdeadly tumors, or to predict which drug will work best for a particular patient 

r^So^"'^^^ Ch?D8 < fr ° m W Chi ? S t0 ° ne is mor(? symbolic than 

"You tan do'just^ good icidnce with/two chips, it costs' you a : little more," said Roland Green, 
the ivice president for research and development at NimbieGen. '-' : i i . 

Some scienfi^q^bned^ether the chips really have all human genes.'because the exact 
number and identities of all the genes is not known. 

The advent of the genome on a chip is, however, evidence that biotechnology, to the extent that it 
uses electronics, is experiencing some of the rapid progress that has made sfmiconductorTand 
computers continuously cheaper and smaller. 

"One of the effects everyone is looking for in the genomics area is Moore's law - more data, less 
money; said Doug Dolgmow, an executive vice president at Gene Logic, which sells cSom 
gene chip studies to pharmaceutical companies. "This is a step in that direction." 

Moore's law states that the number of transistors on a semiconductor chip doubles every 18 

^T^l S S e iQQ^ T * ^ madC Wi * * e Same techni£ * ues used to make semiconductor 
chips, fa the mid-1990s, the company came out with a set of five chips covering what was then 

known of the human genome^ After the human genome sequence was virtually completed b 

2000, the company developed a two-chip set with all the known genes. Now it has the single 

chip, which some scientists say will be more convenient. 

7? S^w ? abl V° l0 ° k at a " geneS at ° ne time t0 « et a S lobal view of what's going on," said 
John R. Walker, who runs gene chip operations at the Genomics Institute of the Novariis 
Research Foundation in San Diego. 

Costs should also be lower. Gene chips have been so expensive that many academic scientists 

foSo /™ 3 *? ^ *T AffymCtriX Said i! WOUld Se » * s -nole-genome Wps 
for $300 to $500 each depending on volume, little more than half the price of the nvo-chip set 
The other companies have not announced prices. 

For Asymetrix a successful whole-genome chip "is essential for them to maintain their 
dominance of high-end microarrays, said Edward A. Tenthoff, an analyst at U.S. Bancorp Piper 
Jaf&ay. Affymetnx had total product sales in 2002 of about $250 million, and a company 
spokesman said that human genome chips are its top-selling product. 

Mr Tenthoff, who recommends Affymetnx stock, said the company's sales growth rate had 
moderated as it faces tougher competition. Agilent, a spinoff of Hewlett-Packard that makes its 
gene chips by printing DNA components onto glass slides using ink jet printers, has gained 
share, he said. Applied Biosystems, the largest maker of genomics equipment over all will be 



2 



r 

i 



entering the microarray segment of the business with its whole-genome chip, emphasizing the 
connection of that product to the others it offers, including the gene database developed by its 
sister company, Celera Genomics. 

Jeffrey Trent, scientific director of the Translation^ Genomics Research Institute in Phoenix, 
said that while whole-genome chips are useful for medical discovery, the biggest growth of the 
market will be for chips that can be used by doctors to do diagnoses. And whole-genome chips 
are too cumbersome for that, he said. Rather, once scientists use the whole-genome chips to find 
particular genes that are associated with, say, tumor aggressiveness or drug effectiveness, he 
said, they will then make smaller and cheaper chips containing just those genes for use in 
diagnosis. 
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News@AgfIent , 

Agilent technologies -ship*^ 
microarray to gene expression customers for evaluation 

Company to introduce first commercial whole human microarray by end of year 
PALO ALTO, Calif., Oct. 2. 2003 



d.n.1* tarn*, which an Bczcm^M^Z^^^P^S^' 

- and general manager of Agilent's BioReseareh SJS?i IS? i Z * Barney Saunders, vice president 
sample, one-chip format J* the iSSE ? anted 8 0ne - 

£ »r r rformance ■* prod - a xszsz^tt J z StXF 

using content from public databases and propriX Sources 2 £TS2? m,cro , arra y s ar « developed 
information made available to customers te™?£u^So^^l^T C *, and an ? ot a«°n 
and then validated empirically through , teralfve ?J££b!Zl£ SZZS ^eloped using algorithms 
comprised of functionally validated Kbes r ° sult is 9 miCf0array 

information commercially available up-to-date and comprehensive genome 

Advantages of the double-density format include: 
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• %:^™2L°z^r y ,ess expensive ^ ■ ^ *~ •* 
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. Smaller sampte use. A smaller quantity of sample material is required to perform an experiment. 
Availability 



Agilent's Whole Human Genome Microarray is expected to be available for order by the end of 



the year. 



About Agilent Technologies 
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on the Web at www.aoilerrt.com . 



Forward-Looking Statements 

This news release contains forward-looking statements (including, without limitation, statements relating 
to Agilent's expectation that its whole-genome microarray platform will be available for order before the 
end of 2003) that involve risks and uncertainties that could cause results to differ materially from 
management's current expectations. These and other risks are detailed in the company's filinos with tha 
Secunties and Exchange Commission, including its Annual Report on Form 10-K for the vear ended Od. 

IL'SS'AaSS SSmS"" 1 °" Q ,0rtHe QUarter end6d Ju,y S1 ' 2003 and te Current rIpcT 
on Form 8-K filed Aug. 18. 2003. The company assumes no obligation to update the information in ttiis 

pr65S rGl63S6* 
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Affymetrix Announces Commercial Launch of Single. Array for Human Genome 1 
Expression Analysis 




AFFYMETRIX GENECHIP(R) BRAND HUMAN GENOME U133 PLUS 2.0 ARRAY 

Affymetrix GeneChip(R) Brand Human Genome U133 Plus 2 0 Arrav 
(PRNewsFoto)[ASJ 1 ■ . '' 

SANTA CLARA, CA USA 10/02/2003 -. '- .. 7 



-More Than 1 Million .Probes Analyze Expression; Levels of Nearly 50, 000 RNA 
Transcripts. and Variants on a Single Array; the r Size • of a Thumbnail : , C 

SANTA ^ARA, Calif., Oct. 2 /PRNewswire/ - Affymetrix, Inc., 
(Nasdaq: AFFX) announced today that it is taking orders for its new 
GeneChip(R) brand Human Genome U133 Plus 2.0 Array, offering. researchers the 
protein-coding content of . the human genome on- a single commercially avlila^e 
catalog microarray." The HG-U133 Plus 2.0 Array analyzes . the- expression level 
of nearly^50,000 RNA transcripts and variants with, 22 different proves per 
^^^t^^ 0l data -matched by technologies uKng .a 

(Photo: http://www.newscom.com/cgi-bin/prnh/200310Q2/SFTH021 ) 

th* fcIiii"J? OU \ 1,3 milUOn Pr ° beS ° n a Chip the 8i2e of a huma n thumbnail, 
the Human Plus Array represents a leap in array technology data capacity, and 
further demonstrates the unique power and potential of oS technology to 
explore vast areas of the genome," said Trevor J. Nicholls, Ph D Chief 
Commercial Officer. -Multiple independent measurements for each transcript 
ensure that our data quality remains the industry standard, even as our data 
capacity increases dramatically. » 

^The HG-U133 Plus 2.0 Array, which will ship in October, combines the 
content of the previous HG-U133 two-array set with nearly 10,000 new probe 
sets representing about 6,500 new genes, for a total of nearly 50,000 RNA 
transcripts and variants. This new information, verified against the latest 
version of the publicly available genome map, provides researchers the most 
comprehensive and up-to-date genome-wide gene expression analysis. The probe 
f T ^ 9 c ! trate9 T ° f the HG " U133 Plus 2 -0 Array is identical to the previous HG- 
U133 Set, providing very strong data concordance between the two products. 
With more than double the data capacity of the previous-generation Affymetrix 
human product, the HG-U133 Plus 2.0 Array can signif ican?ly cut processing and 
analysis time for scientists in the lab, freeing up valuable resources and 
accelerating research. 

The HG-U133 Plus 2.0 Array sets a new standard for the number of genes and 
transcripts on any commercially available single array for human gene 



.. expression Analysis, while maintaining Affymetrix' mrivaia^ a 

»«• *° «* '.a independeht^as^es^o detefct "tne ^ Uty - *» 

hybridization of each transcript on the arrav i 3 • - , 

• -*•:«*> * tWes.tn.V of another "c^y^SoW tiSr'' 
rndependen.:.measpement= provides cpti»ii'-i M n.itivt^^ r ^g^g^J u , 

feature size on this neS design ^n^arc^"'^ use" Se/s^e""'' 
humah»biology and "disease pVoces^s AU »rohf " eXpl ° re 

http://www.affymetnx.com. 

prod^nt'^elioT^a^traS. 9 K' !"'""" °" thU °»* «»« 
The' Co^any will .lsrSir a press conf^.nS 0V ' r ; ?* MBy 7 -'»." 

i^liS f "^31-^^ Lra^f you 

at Pl "" COTt »" <*~"~ ""Pnicka 

About Affymetrix: 

to the life sciences, Affymetrix XvetLf^ P of . se *"°nductor technology 
enable scientists to improve the tZliZZ «J n f ."^rcializes systems that 
include Pharneceutical^biotec^o^^^ —Vomers 
products companies as well as aea ^^ agricnemical, diagnostics and consumer 

Research institutes. Affymetrix of fTrt' .fE^' ^ ^ n0n - profi ' 

All statements in this Dress r^u a e fl + 
"forward-losing statements^^^^ 

SuS statement are subject d^s n T^t'" """tegies" or the like. 

results to differ materially ?J M^rS from^ 68 C3USe aCtUal 

but not limited to risks of \yZ n At£ymetrix from th °se projected, including, 
higher levels of relenul wSf C ° mpan y' s abilitv c ° achieve and sustain 
uncertainties relying to tectooloan;i mar9inS '>, redUCed ° peratin 9 e*pe». e .. 
development, market acceptancf ? S S appr ° aches ' ™nuf acturing, product 

These and other risk factors 111* of patent protection and litigation. 

ocner nsx lactors are discussed in Affymetrix- Form 10 -K for the 
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Macroresults through Microarrays B! 

lohn C Rock^tC Reproduciive^^cology Division (Ma72), NationahHcalth and Environmenul Effects Research Laboratory Office of Research 
and Development, US Environmenul Protection. Agency, Research Triangle Park, 2525 East Highway ^, Durham NC 27711 US* 
tel:*l 919 541 2071, fax: +1 919.541.4017, errnaiX- rodcetLjohn^pa^w • - • ' \ ' ^ 



The third enactment of Cambridge 
Healthtech Institute's Macroresults 
through Microarrays meeting was held- 
in Boston (MA, USA) from 29;April-. 
1 May 2002. The subtheme of this year's 
meeting was 'advancing drug discov- 
ery', "a widely touted application for 
array technology. / 



group, and a leap into microfabri- 
cation technology to ; even begin 
approaching these kinds of densities 
, (Affymetrix patent 6045996 talks of 
one million spots cm- 2 ]. Of course, 
advancing technology is one of, the 
driving engines behind the genomics 
juggernaut, and we are already seeing 
... ,:'4th generation' imachines for fab- 
The evolution of microarrays heating DNA chips. If the company 

If you were asked 'Who first conceived: representatives at this meeting are to 

be believed, (and their cases seemed . 
strong), spotting Js out, andin situ 
fabrication of oligonucleotide-based 
'iterative custom arrays' is in; Whether "'. 
you go with the Combimatrix's (http:// 
www.combimatrix.com) electrochemi- 
' cally directed synthesis and detection 
system, febit's (http://www.febit.com) 
Ceniom® technology, or NimblegenV 
(http://www.nimblegen.comj Maskless 
Array Synthesizer technology' is a 
matter of personal choice. However, 
each of these machines provides the 
flexibility to design variable length 
oligonucleotide probes from se- 
quences inputted by the user, and then 
perform in situ synthesis of an array. 
Each system also boasts unique advan- 
tages. For example, Combimatrix's 
biological array processor is a semi- 
conductor coated with a 3D layer 
of porous material in which DNA, 
RNA, peptides or small molecules 
can be synthesized or immobilized 
within discrete test sites, while febit's 
Geniom One* is a fully integrated 
gene-expression analysis system with 
minimal user hands-on time - the 
probe sequences are programmed, the 
RNA samples inserted, and the gene 
expression data is pumped out a few 
hours later. 



of the idea of microarrays', who would 
come to mind? Mark Schena perhaps, 
first author of the seminal 1995 paper 
on cDNA arrays [1 ]? Maybe Pat Brown, 
Schena's then supervisor? Or perhaps 
Stephen Fodor, the primary driver 
behind Affymetrix's (http://www. 
affymetrix.com) oligonucieotide-based 
platform [2]. Brits might even chant the 
name of Ed Southern [3]. Well, accord- 
ing to Roger Ekins (University College 
London Medical School; http://www. 
ucl.ac.uk/medicine/) all these answers 
would be wrong. It was in fact Ekins 
and his colleagues who first conceived 
of and patented 'a new generation of 
ultrasensitive, miniaturized assays for 
protein and DNA- RNA measurement 
based on the use of microarrays' in the 
mid 1980s [4]. The concept and poten- 
tial of array technology was more fully 
described in a later publication, in 
which Ekins et oL [5] concluded that an- 
tibody mi crospots of -50 u,m? could be 
achieved, and that as many as 2 million 
different immunoassays could, in prin- 
ciple, be accommodated on a surface 
area of 1 cm 2 . 

Technological innovation 
In practice, it took a different biological 
molecule (DNA), a different research 



Cell- and tissue-based arrays < 
r Array technology; is in most people's 
minds firmly linked with gene-expression 
profiling. Fewer are aware that cell- and . 
tissue-based arrays have been, develr. 
oped, and how they can provide 
a vital extra dimension to research. In 
support of this, Barry Bochner gave an 
■update on the cell-based array system 
that Biolog (http://www.biolog.com) 
has produced for simultaneously mea- 
suring the effects of one gene in the cell 
under thousands of growth conditions * 
(see [6] for further details). David Walt ' 
T (Tufts University; http://www.tufU. ; 
edu/) is developing single live cell ar-^ 
:rays using optical imaging fiber (OIF) 
technology. An array of microwells is 
fabricated on the face of an OIF at den- . 
sities of,,up to 10 million wells cnH. : 
Cells are then added to the wells and 
disperse at an average of one cell per 
well. Physiological and genetic re- 
sponses of each cell are measured via 
fluorescence produced by reporter 
genes (e.g. lacZ, gfp. Assays performed 
so far include yeast live or dead cell 
assay, microenvironment pH and 
0 2 measurements, promotor responses 
using the lacZ and phoA reporter genes, 
and protein-protein interactions using 
the yeast two-hybrid system. The main 
advantage of this system is that the cells 
remain alive during the assay, which 
means a real-time timecourse can be 
performed and/or the array passed 
from sample to sample. This would be 
useful in, for example, the scanning of 
a combinatorial drug library for specific 
physiological effects. 

Tissue arrays are a useful complemen- 
tary technology to DNA arrays because 
they can be used to help validate and 
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understand the biological and medical 
'significance of gene changes discov- 
ered using standard DNA arrays. For 
^ example, an array pf; tumor tissues can 
be -screened for the : proteih (uiing im- 
munohistochemistry), message (using 
in }itu hybridization) and copy number 
(using comparative genomic hybridiza- 
tion) of a gene of interest, to determine 
f'rf expression of the ;gehe (or lack 
-therebtyis related in any way to sur- 
vival. They can also be used to predict 
the probability of clinical failure of lead 
compounds as; a resutt.of toxicity by 
evaluating the distribution of the drug 
targets in normal tissue. Spyro Mousses 
and his co-workers at the National 
Human Genome Research Institute 
- (http://www.nhgri.nih.gov/index.html) 
>iave built such arrays, including ;a 
multi-tumor array (-5000 specimens, 
and sections from 36 normal and 800 
metastatic tissues) and a normal tissue 
array (76 tissue and 332 cell types)! 

The problem with proteins 
It has been said that genomics tells us 
what might happen, transcriptomics 
. indicates what should happen, and pro- 
teomics shows what is happening. The 
impact of functional proteomics on 
pharmaceutical R&D is rapidly increas- 
ing, and protein arrays are being used 
increasingly in both basic and applied 
research: Their use lies not only in com- 
parative protein expression and inter- 
action profiling, but also in diagnostics 
and drug discovery. However, an in- 
creasing number of researchers have 
found that protein arrays, like their 
cousins the DNA arrays, present several 
practical obstacles relating to their pro- 
duction and use. For example, in using 
Escherichia coli to produce recombi- 
nant eukaryotic proteins from a single 
expression vector, multiple protein 
products are often produced, suggest- 
ing mixes of truncated or otherwise 
altered proteins. There is also the obvi- 
ous concern that the proteins might 
not be modified in a similar manner to 



eukaryotic systems; Also,;ah optimal 
method for depositing and' binding 
proteins to the selected substrate is 
yet to be ^determined, as is the best 
way to ensure that they are tbund in a 
correctly folded, active conformation. 
- Several companies have been address- 
ing these problems.. Prolinx (http:// 
www.prolinxinc.com) is one such' conV 
: pany, and Karin Hughes described their 
Versalinx™. chemistry for producing 
protein, peptide and small-molecule 
arrays. Versalmx™ uses solution-phase 
conjugation followed by immobiliza- 
tion, resulting in functional orientation 
of proteins and peptides, on the sub- 
strate surface. It also offers the valuable' 
additional benefit of exhibiting low 
non-specific binding. Sense Proteomic 
(http://www.senseproteomic.com) is 
also among those addressing these 
problems to develop robust protein 
arrays for drug discovery and clinical 
applications and has developed func- 
tional protein array formats based on 
specific disease tissues. Subtractive hy- 
bridization is used to identify ; genes 
with altered expression in breast tumor 
and cystic fibrosis compared to ; normal 
tissue. A high throughput cloning strat- 
egy (COVET™) is then used to produce 
libraries of genes that are tagged, 
cloned, expressed, purified and finally 
immobilized on glass slides. Initial vali- 
dation studies have shown that the vast 
majority of the immobilized proteins do 
indeed retain biological function. 

Stefan Schmidt and his company 
(GPC Biotech; http: //www. gpcbiotech. 
de) have moved past the platform devel- 
opment stage and, with their focus 
firmly on drug discovery, are currently 
developing kinase-profiling arrays. 
Kinases are important targets for phar- 
maceutical drug discovery and therapy, 
and GPC's aim is to simultaneously de- 
tect multiple kinases, obtain activity pro- 
files for different cell types, or analyze 
the ability of drug candidates to inhibit 
kinase activity. To do this, recombinant 
kinase substrates are immobilized on 



membranes, ' incubated With ^purified 
kinase, and the-substrates measured for 
the degree of phosphorylation. 

Summary 

Meetings like this, packed with exciting 
discoveries rand intriguing and interest- 

e cing innovation, heavily emphasize the 

dr pace at which biotechnology is advanc- 
ing, to the extent that the number of 
options for. genomic and. proteomic re- 
searchers, can become' overwhelming. 
Although. data analysis is. perhaps the 

-greatest current concern for array. users, 
an increasing challenge will be to deter- 

; mine the approaches and technology 
that reajly work, : and to do itin* timery 

••manner...-,. \- w- : ^>, • r-r.:^ 
■ •■ f*;- ;■• -i/.. 
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A standard two-dimensional (2-D) protein } map. of Fischer 344 rat liver 
(F344M£T3>is presented, Wiii a tabularUsdng of more than 1200 protein species 
Sodium dpdecyl sulfate (SDS) molecular mass and isoelectric point have been es^ 
tablished^baseti on positions of numerous internal standards. Ttais.map has been 

1 used/to connect and'cbmpare hundreds of 2-D gels of rat liver samples from a va- 
riety cf studies, and forms the nucleus of an expanding, database describing ;rat 
live; proteins and their regulation by various drugs and. toxic agents. An example 
ofsuch a study, involving regulation of cholesterol synthesis by cholesterol-lower- 
ing drugs and .a high-cholesterol diet, is presented. Since, the map has been ob- 
tained With a widely used and highly reproducible 2-D gel system (the Iso-Dait* 

. system),.it cin be directly related to an expanding body of work in other laborato- 
ries. : 
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Contents ;1 Introduction 

1 Introduction 907 High-resoJution two-dimensional electrophoresis ofpro- 
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ture and the associstcd'shift to strong 'selection for growth, 
and how^do these kfTect experimental outcomes?" Hence 
the apparent advantages of in yitro systems, in terms of ex- 
perimental'.iDanipuiatjbn, .may be counterbalanced by 
other factors relating to 2-D ; data quality. , _ , .. ; 

There is a second important class of reasons- for exploring 
the use of an in vivo biological system such as the liver. His- 
torically there have been two broad^approaches to the me- 
*:chanistk dissection of biochemical processes in intact cel- 
; hilar systems: genetics (a search' for informative mutants) 
and the use of chemicaUgents (drugs and' chemical toxins). 
Both approaches help us to, understand complex systems 
bv disrupting some specific functional element and show- 
ing us the result. With the development of techniques for 
genetic manipulation and cloning, the genetic approach 
can be effectively applied eitber in vitro or in v/vq, although 
the in vitro route is usually quicker. Iht chemical approach 
can also be applied to either sort of biological system; here, 
however, the bulk of consistently. acquired information is 
in experimental animals (rats and mice). While most biolo- 
gists knowa short list of compounds having specific, experi- 
mentally useful effects (e.g., inhibitors of protein synthesis, 
ionophores, polymerase inhibitors, channel blockers, nu- 
cleotide analogs, and compounds affecting polymerization 
of cytoskeletai proteins), there is a much larger number of 
interesting chemically-induced effects, most of them char- 
acterized by toxicologists and pharmacologists in rodent 
systems. Just as a thorough genetic analysis would involve 
saturating a genome with mutations, it is possible to ima- 
gine a saturating number of drugs, the analysis of whose ac- 
tions would reveal the complete biocbemisiry of the cell. 
While organized drug discovery efforts usually target spe- 
cific desired effects, the nature of the process, with its de- 
pendence on screening large numbers of compounds, ne- 
cessarily produces many unanticipated effects. It is there- 
fore reasonable to suppose that the required broad Tange of 
compounds necessary to achieve "biochemical saturation" 
may be forthcoming; in fact, it may already exist among the 
hundreds of thousands of compounds that failed to qualify 
as drugs. 

Among organs, the liver is an obvious choice for the study 
of chemical effects because of its well-known plasticity and 
responsiveness. The brain appears to be quite plastic (e.g. 
[7]), but it is a complicated mixture of cell types requiring 
skillful dissection for most experiments. The kidney, while 
quite responsive, also presents a potentially confounding 
mixture of cell types. The liver, by contrast, is made up of 
one predominant cell type which is easy to solubilize: the 
hepatocyte, representing more than 95% of its mass. Most 
importantly, the liver performs many homeostatic func- 
tions that require rapid modulation of gene expression.lt 
appears that most chemical agents tested affect gene ex- 
pression in the liver at some dosage (N. Leigh Anderson, 
unpublished observations), an interesting contrast to our 
earlier work with lymphocytes, for example, which seem to 
be much less responsive. Such results conform to the expec- 
tation that cells with a homeostatic, physiological role 
should be more plastic than cells differentiated for a pur- 
pose dependent on the action of a limited number of spe- 
cific genes. 

The liver also allows the parallels between in vitro and in 
vivo systems to be examined in detail. Significant progress 
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has been made Jri the'development bf mouse, rat and hu- 
man hepatocyte culture systems, as well as in precision-cut 
tissue slices. Using such an array of tcdihiquesiit ii-p'ossk 
ble to assemble a matrix of mammalian systems including 
niouse and rat 'in vivo on one level and mouse, rat and hu- 
man' m.v/frp ; 6h a second level," and to compare effects be- 
tween species and between systems. This approach allows 
us to draw informed conclusions regarding the biochemical 
"universality" of biological responses among the niarhmals, 
and 10'. offer some insight into the validity of in vitro ap- 
proaches for toxicological scTeeningy We believe this data 
will be necessary if in vitro alternatives are to achieve wide 
usage in govemmenwnandated safety testing of drugs.con- 
sumer "products and industrial and agricultural chemicals. 

A number'of interesting studies have been published using 
2-D mapping to examine effects in the rodent liver. A num- 
ber of investigarors have made .use of the technique to 
screen for existing genetic variants [8 — 11] or induced muta- 
tions [12-14], mainly in the mouse. This work builds on the 
wealth of genetic information available on the mouse and 
its established position as a mammalian mutation-detec- 
tion systerp. While some studies' of chemical effects have 
been undertaken in the mouse [15-17], most have used the 
rat [18-23]. The examination of the cytochrome p-450 sys- 
tem, in particular, has been carried out almost exclusively 
on the rat [24, 25]. 

These considerations lead us to conclude that rodent liver 
offers the best opportunity to systematically examine an 
array of gene regulation systems, and ultimately to build a 
predictive model of large-scale mammalian gene control. 
The basic underlying foundation of such a project is a reli- 
able, reproducible master 2-D pattern of liver, to which on- 
going experimental results can be referred. In this paper, we 
report such a master pattern for the acidic and neutral pro- 
teins of rat liver (pattern F344MST3).ln future, this master 
will be supplemented by maps of basic proteins, and analog- 
ous maps of mouse and human liver. 



2 Materials and methods 
2.1 Sample preparation 

Liver is an ideal sample material for most biochemical stud- 
ies, including 2-D analysis. A sample is taken of approxima- 
tely 0.5 g of tissue from the apical end of the left lobe of the 
liver. Solubilization is effected as rapidly as practical; a 
delay of 5-15 min appears to cause no major alteration in 
liver protein composition if the liveT pieces are kept cold 
(e.g., on ice) in the interim. In the solubilization process, 
the liver sample is weighed, placed in a glass homogenizer 
{e.g., 15 mL Wheaton); 8 volumes of solubilizing solution* 

* The solubilizing solution is composed or 2 % NP-40 (Sigma), 9 m urea 
(analytical grade, e.g., BDH or Bio-Red), 0.5% dithiothreilol (DTT; 
Sigma) and 2 % carrier ampholytes (pH 9-11 LKB: these come as a 20% 
stock solution.so 2 % final concentration is achieved by making the final 
solution 10% 9-11 Ampholinc by volume). A large batch ofsolubilizer 
(several hundred mL) is made and stored frozen at -80 °C in aliquot* 
sufficient to provide enough for one day's estimated sample prepara- 
tion requirement. The solution is never allowed lo become warmer 
than room temperature at any stage during preparation or thawing for 
use, since heating of concentrated urea solutions can produce contain*- 
nanis that covalenlly modify proteins producing artifactual charge 
shifts. Once thawed, any unused solubilizer is discarded. 
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is added (/.*., A ml per 0.5 g tissue) and ihe mixture is ho- 
mogenized using first the loose- and then then the light-fit- 
ting glzss pestle. This takes approximately 5 strokes with 
each pestle and is carried out at room temperature because 
urea would crystallize out in the cold. Once the liver sample 
is thoroughly homogenized in the solubilizer,ii is assumed 
that all the proteins are denatured (by the chabtropic effect 
of the urea and NP-40 detergent) an'd the enzymes inacti- 
vated by the high pH (-9.51 Therefore these samples may 
be kept at room temperature until they can be centrifuged 
or frozen as a group (within several hours of preparation). 
The samples are centrifuged for 6 X 10* g min (e.g., 500 000 
X g for 12 min using a Beckman TL-100 centrifuge). The 
centrifuge rotor is maintained at just below room tempera- 
ture (e.g., 15-20 e C), bui not too cold, so as to prevent the 
precipitation of urea. The centrifuge of choice is a Beckman 
TL-100 because of the sample tube.sizes available, but any 
ultracentrifuge accepting smallish tubes .will suffice. When 
an appropriate centrifuge is not available near the site of 
sample preparation, samples can be frozen'-at -80°C and, 
thawed prior to centrifugation and collection of superna- 
tants.Each supernatant is carefully removed following cen- 
trifugation and aliquoted into at least 4 clean tubes for stor- 
age. This is done by transferring all the supernatant to one 
clean tube, mixing this gently (to assure homogeneous 
composition) and then dividing it into A aliquots. The ali- 
quots are frozen immediately at -80°C. These multiple ali- 
quots can provide insurance against a failed run or a freezer 
breakdown. 

22 Two-dimensional electrophoresis 

Sample proteins are resolved by 2-D electrophoresis using 
the 20 X 25 cm Iso-Dalt* 2-D gel system ([26-29]; pro- 
duced by LSB and by Hoefer Scientific Instruments', San 
Francisco) operating with 20 gels per batch. All first-dimen- 
sional isoelectric focusing (IEF) gels are prepared using the 
same single standardized batch of carrier ampholytes 
(BDH 4-8A in the present case, selected by LSB's ba'tch- 
testing program for rat and mouse database work'*). A 10 
sample of solubilized liver protein is applied to each gel, 
and the gels are run for 33 000 to 34 500 volt-hours using a' 
progressively increasing voltage protocol implemented by 
a programmable high-voltage power supply. An Ange- 
lique* computer-controlled gradient-casting system (pro- 
duced by LSB) is used to prepare second-dimensional sod- 
ium dodecyl sulfate (SDS) polyacrylamide gradient slab 
gels in which the top 5 % of the gel is 1 1 %T acrylamide, and 
the lower 95% of the gel varies linearly from 1 1 % to 18%T. 

This system has recently been modified so as to employ a 
commercially available 30.8 %T acrylamide/ A^-methyle- 
nebisacrylaroide prepared solution (thus avoiding the han- 
dling of the solid acrylamide monomer) and three addi- 
tional stock solutions: buffer (made from Sigma pre-set 
Tris), persulfate and AWA^-tetramethylethylenedi- 
araine (TEMED). Each gel is identified by a computer- 
printed filter paper label polymerized into the lower left cor- 
ner of the gel. First-dimensional IEF tube gels are loaded 
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cirectly (as extruded) onto the slab gels without equUibra- 
tion, and held in place by polyester fabric wedges fWed- 
gies .produced by LSB) to avoid the use of hot agarose. 
Second-dimensional slab gels are run overnight, in groups 
of 20, io cooled DAU tanks (10'Q with buffer circulation. 
All run parameters, reagent source and lot information, 
and notations of deviation from expected results are ente- 
red by the technicianjesponsible on a detailed, multi-page 
record of the experiment. 

23 Staining 

Following SDS-electrophoresis, slab gels are stained for 
protein'iisirig a coIlpidarCoomassie Blue G-250 procedure 
, in covered plastic boxes, with 10 gels (totalling approxima- 
: - teiy 1 L of gel) per box. This procedure (based on the work 
r ;ofNeuhoff[30,31]) involves fixation in 1.5 L of 50% etha- 
nol and 2% phosphoric acid for 2 h, three 30 min washes, 
each in<2L of cold tap water/and transfer to U5L of 34% 
methanol, 17% ammonium sulfate and 2 % phosphoric acid 
for 1 h,foIlowed,by the addition of a gram of powdered Coo- 
massie Blue G-250 stain. Staining requires approximately 4 
days to reach equilibrium intensity, whereupon gels are 
transferred to cool tap water and their surfaces rinsed to re- 
move any particulate stain prior to scanning. Gels may be 
kept for several months in water with added sodium azide 
The water washes remove ethanol that would dissolve the 
stain (and render the system- noncolloidal, with high back- 
grounds). The concentrated ammonium sulfate and meth- 
anol solution is diluted by equilibration with the water vol- 
ume of the gels to automatically achieve the correct final 
concentrations for colloidal staining. Practical advantages 
of this staining approach can be summarized as follows: (i) 
the low, fiat background makes computer evaluation of 
small spots (max OD < 0.02) possible, especially when 
using laser densitometry; (ii) up to 1500 spots can be reli- 
ably detected on many gels (e.g.; rat liver) at loadings low 
enough to preserve excellent resolution; and (iii) reprodu- 
cibility appears to be very good: at least several hundred 
spots have coefficients of reproducibility less than 15% 
This value is at least as good as previous CBB methods, and 
significantly better than many silver stain systems. 

2.4 Positional standardization 

The carbamylated rabbit muscle creatine phosphokinase 
(CPK) standards [32] are purchased from Pharmacia and 
BDH. Amino acid compositions, and numbers of residues 
present in proteins used for internal standardization, are 
taken from the Protein Identification Resource (PIR) se- 
quence database [33]. 

2.5 Computer analysis 



This materia] (succeeding certified batches of which are available from 
Hoefer Scientific Instruments) has the most linear pH gradient pro- 
duced by any ampholyte tested except for the Pharmacia wide range 
(which has an unacceptable tendency to bind high-molecular weight 
acidic proteins, causing them to streak). 



Stained slab gels are digitized in red light at 134 micron re- 
solution, using either a Molecular Dynamics laser scanner 
(with pixel sampling) or an Eikonix 78/99 CCD scanner. 
Raw digitized gel images are archived on high-density DAT 
tape (or equivalent storage media) and a greyscale video- 
print prepared from the raw digital image as hard-copy 
backup of the gel image. Gels are processed using the Kep- 
ler* software system (produced by LSB), a commercially 
available workstation-based software package built on 
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some of the principles of the earlier TYCHO system [34- 
41 J. Procedure PROC008 is used to vield £ spotHsi giving 
position, shape and density information for e$ch detected 
spot. This procedure makes use of digital filtering, mathe- 
matical morpholog> ? techniques and digital masking to re- 
move thebackground.and uses full 2-D leasi7$quajes opti- 
mization to refine theparameters of a 2-D<6aussian shape 
for each spot. Processing parametersand file locations are 
stored in a relational database, while various log files detail- 
ing operation of the automatic analysis- software are ar- 
chived with the reduced data.The computed resolution and 
level of Gaussian convergence of each gel-are .inspected 
and archived for quality control, purposes. .. ■ 

Experiment packages are constructedVsing the Kepler ex- 
periment definition database to assemble .groups of 2-D 
patterns corresponding to the experimental groups "(e.g.', 
treated and control animals^Each 2-D pattern is matched 
to the appropriate '"master* 2-D pattern (pattern 
F344MST3 in the case of Fischer 344 rat liver), thereby 
providing linkage to the existing rodent .protein 2-D data- 
bases. The software allows experiments containing hun- 
dreds of gels to be constructed and analyzed as a unit, with 
up to 100 gels displayed on the screen at one time for com- 
parative purposes and multiple pages to accommodate ex- 
periments of > 1000 gels. For each treatment, proteins 
showing significant quantitative differences vs. appropriate 
controls are selected using group-wise statistical parame- 
ters (e.g., Student's t-test, Kepler* procedure STUDENT). 
Proteins satisfying various quantitative criteria (such as P< 
0.001 difference from appropriate controls) are repre- 
sented as highlighted spots onscreen or on computer-plot- 
ted protein maps and stored as spot populations (/.*., logi- 
cal vectors) in a liver protein database. Quantitative data 
(spot parameters, statistical or other computed values) are 
stored as real-valued vectors in the database. Analysis of co- 
regulation is performed using a Pierson product-moment 
correlation (Kepler procedure CORREL) to determine 
whether groups of proteins are coordinately regulated by 
any of the treatments. Such groups can be presented graphi- 
cally on a protein map, and reported together with the statis- 
tical criteria used to assess the level of coregulation. Multi- 
variate statistical analysis (e.g., principal components' ana- 
lysis) is performed on data exported to SAS (SAS Institute). 

2.6 Graphical daU output 

Graphical results are prepared in GKS and translated 
within Kepler* into output for any of a variety of devices. 
Linedrawing output is typically prepared as Postscript and 
printed on an Apple LaserWriter. Detailed maps presented 
here have been generated using an ultra-high-resolution 
Postscript-compatible Linotronic output device. Greyscale 
graphics are reproduced from the workstation screen using 
a Seikosha videoprinter. Patterns are shown in the standard 
orientation, with high molecular mass at the top and acidic 
proteins to the left. 

2.7 Experiment LSBC04 

In the study described here 12-week-old Charles River 
male F344 rats were used. Diets were prepared at LSB, 
based on a Purina 5755 M Basal Purified Diet. Lovastatin 
and cholestyramine were obtained as prescription pharma- 



ceuticals, ground and mixed with the diet at concentrations 
of 0.075% and 1%, respectively. The high cholesterol diet 
was Purina 5801M-A (5% cholesterol plus l%sodium che- 
late in the control diet). Animal work was carried out by Mi- 
crobiological Associate fBethesda, MD). Animals were ac- 
climatized for one week on the control diet, fed test or cor> 
4 trol diets for one week, and sacrificed on day 8. Average 
daily doses of lovastatin and cholestyramine in appropriate' 
groups were 37 mg/kg/day and 5 g/kg/day, respectively, 
based on the weight of the food consumed. Liver samples 
were collected and prepared for 2-D electrophoresis accord- 
ing to ^he standard "liver protocbl' (hombgenization in<S- 
: volumes of 9 m .ureO%-NP-4.Q/0J% dithiothreitol, 2%^ 
:>LKB.pH s -9-ll carrierampbolytes, followed by centrifugal 
tibn for 30 min at 80000 X g). Kidney, brain and plasma 
samples were frozen; Gels were run as~ described above,- 
and the data was an0«d using the Kepler* system. Gels 
. were scaled, to remove the effect of differences in protein 
loading, by setting the summed abundances of a large num- 
ber of matched spots equal for each gel (linear scaling). 



3 Results and discussion 

3.1 The rat liver protein 2-D map 

F344MST3 is a standard 2-D pattern of rat liver proteins, 
based on the Fischer 344 strain. This pattern was initiated 
from a single 2-D gel and extensively edited in an experi- 
ment comparing it to a range of protein loads, so as to in- 
clude both small spots and well-resolved representations of 
high-abundance spots . More than 700 rat liver 2-D patterns 
have been matched to F344MST3 in a series of drug effects 
and protein characterization experiments, and numerous 
new spots (induced by specific drugs, for instance) have 
been added as a result. A modified version including addi- 
tional spots present in the Sprague-Dawley outbred rat has 
also been developed (data not shown). Figure 1 shows a 
greyscale representation and Fig. 2 a schematic plot of the 
master pattern. More than 1200 spots are included, most of 
which are visible on typical gels loaded with 10 pLof solubi- 
lized liver protein prepared by the standard method and 
stained with colloidal Coomassie Blue. Master spot num- 
bers (MSN's) have been assigned to all proteins, and ap- 
pear in the following figures, each showing one quadrant of 
the pattern. Figure 3 shows the upper left (acidic, high 
molecular mass) quadrant, Fig. 4 the upper right (basic, 
high molecular mass) quadrant, Fig. 5 the lower left (acidic, 
low molecular mass) quadrant, and Fig. 6 the lower right 
(basic, low molecular mass) quadrant. The quadrants over- 
lap as an aid to moving between them. The gel position (in 
100 micron units), isoelectric point (relative to the CPK in- 
ternal pV standards) and SDS molecular mass (from the cali- 
bration curve in Fig. 8) are listed for each spot (Table 1). Be- 
cause of the precision of the CPK-p/ values, these parame- 
ters can be used to relate spot locations between gel sys- 
tems more reliably than using p/ measurements expressed 
as pH. A major objective of current studies is the identifica- 
tion of all major spots corresponding to known liver pro- 
teins, as well as rigorous definitions of subcellular orga- 
nelle contents. Of particular interest to us is the parallel de- 
velopment of identifications in the rat and mouse liver 
maps, allowing detailed comparisons of gene expression ef- 
fects in the two systems. The results of these studies will be 
presented systematically in a later edition of this database, 
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.but we include here a useful series of 22 orienting identifi- 
cations as an aid to other users of the rat liver pattern (Table 
2). 

3 2 Carbamylated charge standards, computed p/s and 
molecular mass standardization 

We have previously shown that the "use of e system of close- 
ly-spaced internal pi markers (made by carbamylaiing a 
basic protein) ofTers an accurate and workable solution to 
the problem of assigning positions in the p/ dimension [32], 
The same system, based on 36 protein species madeby car-. 
bamylating rabbit muscle CPK, has been used here to as- 
sign p^s to most rat liver acidic and neutral proteins. The 
standards were coelectrophoresed with total liver proteins, 
and the standard spots added to a special version of the 
master pattern F544MST3. The gel J-coordinates of all 
liver protein spots lying within the CPK charge train were 
then transformed into CPK p/ positions by interpolation " 
between the positions of immediately adjacent standards 
(Table 1) using a Kepler* vector procedure. 

It has proven possible to compute fairly accurate pi values 
for many proteins from the amino acid composition [42]. 
We have attempted here to test a further elaboration of this 
approach, in which we computed pfsforthe CPK standards 
themselves, based on our knowledge of the rabbit muscle 
CPK sequence and the fact that adjacent members of the 
charge train typically differ by blockage of one additional ly- 
sine residue (Table 3). We compared these values to similar 
computed p/'s for an additional set of carbamylated stand- 
ards made from human hemoglobin beta chains and a se- 
ries of rat liver and human plasma proteins of known posi- 
tion and sequence (Fig. 7,Table 4).The result demonstrates 
good concordance between these systems. Two proteins 
show significant deviations: liver fatty-acid binding protein 
(FABP; #1 in Table 4) and protein disulphide isomerase 
(*20 in the table). The FABP spot present on F344MST3 
may represent a charge-modified version of a more basic 
parent spot closer to the expected p/, not resolved in the 
1EF/SDS gel. Of particular importance is the fact that, by 
comparing computed p/'s of sequenced but unlocated pro- 
teins with the CPK p/'s, we can assign a probable gel loca- 
tion without making any assumptions regarding the actual 
gel pH gradient. This ofTers a useful shortcut, given the va- 
garies of pH measurement on small diameter IEF gels. We 
have used this approach to compute the CPK pfs of all rat 
and mouse proteins in the PI R sequence database, as an aid 
to protein identification (data not shown). 

In order to standardize SDS molecular weight (SDS-MW), 
we have used a standard curve fitted to a series of identified 
proteins (Fig. 8). Rather than using molecular mass perse, 
we have elected to use the number of amino acids in the 
polypeptide chain, as perhaps a better indication of the 
length of the SDS-coated rod that is sieved by the second 
dimension slab. The resulting values were multiplied by 
112 (the weighted average mass of amino acids in se- 
quenced proteins) to give predicted molecular masses. Be- 
cause we use gradient slabs, we have not constrained the fit- 
ted curve to conform to any predetermined model; rather 
we tried many equations and selected the best using the 
program "Tablecurve" on a PC. The equation chosen was^ 
=fl + 6x+c/r, where vis the number of residues,* is the gel 



rcoordinate, a is 51 1.83, b is -0.2731 and cis 33183801/Ihe 
resulting fit appears to be fairly good over a broad range of 
molecular mass. 

3.3 An example of rat liver gene regulation: Cholesterol 
metabolism 

Experiment LSBC04 was designed as a small-scale test of 
the regulation of cholesterol metabolism in vivo by three 
agents included in the diet: lovastatin (Mevacor*,an inhibi- 
tor of HMG-CoA reductase); cholestyramine (avbile acid 
sequestrant that has the effect of removing cholesterol 
from the gut-liver recirculation); and cholesterol itself. The 
first two agents should lower available cholesterol and the 
third should raise it, allowing manipulation of relevant 
gene expression control systems in both directions. Such 
an experiment offers an interesting "testof the 2-D mapping 
system since most of the pathway eni^es are present in 
rlow abundance, many are membrane-bound and difficult - 
to solubiIize,and the pathway itself is complex.Approxima- 
tely 1000 proteins were separated and detected in liver ho-' 
mogenates. Twenty-one proteins were found to be affected 
by at least one treatment, and these cojald be divided into 
several coregulated groups. 

33.1 MSN 413 (putativ^ cytosolic HMG-CoA synthase) 
and sets of' spots regulated coordinate^ or inversely 

One group of spots (including a spot assigned to.the cyto- 
solic HMG-CoA synthase, MSN 413) showed the expected 
increase in abundance with lovastatin or cholestyramine, 
the synergistic further increase with lovastatin. arid choles- 
tyramine, and a dramatic decrease with the high cholesterol 
diet. Spot number 413 is the most strongly regulated pro- 
tein in the present experiment, showing a 5-4o 10-fold in- 
duction after a 1 week treatment with 0.075 % lovastatin and 
^cholestyramine in the diet (Figs. 9 and 10). Its expres- 
sion follows precisely the expectation for an enzyme whose 
abundance is controlled by the cholesterol level; it is pro- 
gressively increased from the control levels by cholestyra- 
mine, lovastatin and lovastatin plus cholestyramine, and it 
sinks below the threshold of detection in animals fed the 
high cholesterol diet. This spot has been tentatively identi- 
fied as the cytosolic HMG-CoA synthase, based on a reac- 
tion with an antiserum to that protein provided by Dr. Mi- 
chael Greenspan at Merck Sharp &Dohme Research Labo- 
ratories. This enzyme lies immediately before HMG-CoA 
reductase in the liver cholesterol biosynthesis pathway, and 
is known to be co-regulated with it. Spot 413 has an SDS 
molecular weight of about 54 000 and a CPK p/of-11.4,in 
reasonably close agreement with a molecular weight of 
57300 and a CPK p/of-15.7 computed from the known se- 
quence of the hamster enzyme 143]. 

Using a classical product-moment correlation test (Kepler 
procedure CORREL), a series of five additional spots was 
found to be coregulated with 413. The level of correlation 
was exceedingly high (> 95%). Two of these, 1250 and 933, 
are at similar molecular weights and approximately one 
charge more acidic than 413 (Fig. 9), indicating that they 
may be covalently modified forms of the 413 polypeptide. 
This suspicion is strengthened by the observation that both 
spots are also stained by the antibody to cytosolic HMG- 
CoA synthase. The remaining three correlated spots appear 
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lo comprise an additional related pair (1253 and 1001) of 
around 40 kDa and a single spot (1119) of around 28 kDa. 
Because these two presumed proteins are present at sub- 
stantially lower abundances than 413, and because the cyto- 
solic HMG-CoA synthase is reported to consist of only one 
tvpe of polypeptide, they are likeJy to represent other, very 
tightly cpregulated enzymes. A second group of six spots 
was selected based on. a regulatory, pattern dose to the in- 
verse of that forspot .413 (MSN's 34,79, 178, 382; 204, 347; 
data not shown)VFoMhese proteins, the lowest'level of ex- 
pression occurs with exposure.no lovastatin plus cholestyra- 

- mine and the highest level upon exposure to the high-cho- 
lesierol diet. Spots 182 and 79.are highly correlated and He 

'about one charge apart at the same molecrular weight; they 
may thus be isoforms of a single protein. The other Tour 

"spots probablyjepresent additional enzymes or subunits. 

332 MSNV23S .and, corepjlated "spots 

A third group of five spots, mainly comprised of mitochon- 
drial proteins including putative mitochondrial HMG- 
CoA synthase spots, showed a modest induction by lovasta- 
tin alcfae.but little, or no effect with any of the other treat- 
ments (including the combination of lovastatin and choles- 
tyramine; Fig. 12). This result is intriguing because lovasta- 
tin was expected to afTect only the regulation of enzymes of 
cholesterol synthesis, which is entirely extra-mitochon- 
.drial. Three , of the spots (235, 134, 144); form a closely- : 
packed triad at approximately 30 kDa"; and are likely to re- 
present isoforms of one protein. All three spots are stained r 
by an antibody to the mitochondrial form of HMG-CoA 
synthase obtained from Dr. Greenspan; Subcellular fractio- 
nation indicates a mitochondrial location. The other two 
spots (633 at about 38 kDa and 724 at.about 69 kDa), are 
each present at lower abundance than the members of the "". 
triad. - 

333 An example of an an ti -synergistic effect 

A sixth spot (367) shows strong induction by lovastatin 
(two- to threefold), and about half as much induction with 
lovastatin plus cholestyramine, but without sharing the ani- 
mal-animal heterogeneity pattern of the 235-set (Fig. 13). 
This protein is also mitochondrial, and represents the clear- 
est, example of an anti-synergistic effect of lovastatin and 
cholestyramine. The existence of such an effect demon- 
strates that lovastatin and cholestyramine do not act exclu- 
sively through the same regulatory pathway. 

3 3.4 Complexity of the cholesterol synthesis pathway 

Taken together, these results suggest that treatment with lo- 
vastatin alone can affect both cytosolic and mitochondrial 
pathways using HMG-CoA, while cholestyramine, on the 
other hand, either alone or in combination with lovastatin, 
produces a strong effect on the putative cytosolic pathway, 
but little or no effect on the putative mitochondrial path- 
way. An explanation for this difference may lie in lovasta- 
tin's effect on levels of HMG-CoA and related precursor 
compounds that arc exchanged between the cytosol and 
the mitochondrion, whereas cholestyramine should affect 
only the cytosolic pathways directly controlled by cholester- 
ol and bile acid levels. It remains to be explained why some 



proteins of the putative mitochondrial pathway are so 
much more variable in their expression in all groups. An ex* ; 
animation of all the coregulated groups suggests that quan- 
titative statistical techniques can extract a wealth of inter- 
esting information from large sets of reproducible gels.The 
abundance of spots in the 4 13 coregulation group, for exam- 
ple, shows an amazing level of concordance in their relative 
expression among the five individuals of the lovastatin and 
cholestyramine treatment group. This effect is not due to 
differences in total protein loading, since they have already 
been removed by scaling, and since proteins with quite dif- 
ferent regulation patterns can be demonstrated (e.g.. Fig. 
15). Such effects raise the possibility that many gene coregu- 
lation sets may be revealed through the study' of a sufR- 

- ciently large population of control animals (i.e., without 
any experimental manipulation).This approach, exploiting 
natural biological variation in protein expression instead of 
drug effects, offers an important'incentive for the construc- 
tion of a large library of control animal patterns. 

4 Conclusions : ;v : 

Because of the widespread use of rat liverin both basicJbio- 
chemistry and in toxicology, there is a long-term need for a 

- comprehensive database of liver proteins. The rat liver mas- 
ter pattern presented here has proven to be an accurate re- 
presentation of this system, having been matched to more 
than -700 gels to date. As the number qrproteins identified 
and the number of compounds tested for gene, expression 
effects grows, we expect this database to contribute valu- 
-able insights into gene regulation. Its practical utility in sev- 
erahareas of mechanistic toxicology is already being de- 
monstrated. " ; 

^Received September 11, 1991 
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Figurt L Synthetic representation of the standard rat liver 2-D master pattern, rendered as a greyscaU image using a videoprinter. 
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<4 Figure 7. (a) Plot of computed isoelectric point versus gel ^position for 
two sets of carbamylated,standard proteins (rabbit muscle CPK (*] and 
human hemoglobin 0 chain, fiile d-d ia moods) and several other proteins 
(shaded squares), (b) The identities of the various proteins represented 
by the squares are indicated by the numbers in corresponding positions 
on (a); these refer to Table 4. . f »*p«uuui» 
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f/^t/rr P. Montage showing effects in the 
region of MSN:413.The monuge shows a 
small window into one portion of the 2-D 
pattern, one row of windows for each expe- 
rimental group, and one panel for each gel 
in the experiment. The left-most pattern 
in each row is a group-specific copy of the 
master pattern followed by the patterns 
for the five individual rats in the group. 
The highlighted protein spots (filled circ- 
les) are spot 413 (on the right of each pan- 
el; identified as cytosolic HMG-CoA syn- 
thase) and two modified forms of it (1250 
and 933). From the top, the rows (experi- 
mental groups) are: high cholesterol, con- 
trols, cholestyramine, lovastatin.and lova- 
statin plus cholestyramine. 
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Figure JJ. Bargraphs of a series of six core- 
gutated spots including MSN:413. In the 
bargraphs. the abundances of the appro- 
priate spot (master spot number shown at 
the top of the panel) in each animal are 
shown. The five five-animal groups are in 
the order (left to right): high cholesterol, 
controls, cholestyramine, lovastatin, and 
lovastatin plus cholestyramine. Each bar 
within a group represents one experimen- 
tal animal liver (one 2-D gel). Note the cor- 
related expression of the 6 spots, espe- 
cially in the two far right (most strongly in- 
duced) groups. 
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/i>urr 77. Data on a second coregulated 
group of spots, presented as in Fig. 1 l.The 
fourth experimental group (lovastatin) 
shows a modest induction, while the fifth 
group (lovastatin plus cholestyramine) 
does not. . 




Figure IS. Data on spot MSN:367 t presented as in Fig. 11. This protein 
shows unambiguously the anti-synergistic effect of lovastatin and choles- 
tyramine (fifth group) as compared to lovastatin (fourth group). This res- 
ponse contrasts strongly with the regulation pattern seen in Fig. 11. 
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Table 1. Master table of proteins in the rat liver database" 



MSN 



Y CPKDl 50SMW 



3 

S 

6 
11 
IS 
17 
16 
19 
20 

21 r.1204: 

22 332 

23 V 787 

24 313 



311 434 <-35.0 
566, 263 -24.3 
812 /: 426 
649 >c 268 
845, 520 
629 589 
906 414 
755 v 296 
649 : . 403 



25 


r 807 


1 516 


27 


-1184 


524 


28 


1263- 


; 446 


29 


743 


605 


30 


" 788: 


112 


32 


"1216. 


417 


•33 


1145: 


445 


34 


1037 


555 


35 


863 


412 


36 


712 


606 


36 


763 


694 


39 


304 


470 


41 


1165 


569 


42 


684 


607 


43 


1316 


589 


44 


1924 


362 


46 


1203 


586 


47 


1391 


447 


48 


309 


454 


49 


605 


587 


50 


621 


535 


51 


1113 


522 


52 


1820 


499 


53 


725 


177 


54 


2001 


500 


55 


722 


830 


56 


678 


533 


57 


1682 


302 


56 


1091 


580 


59 


1171 


585 


60 


1400 


624 


61 


1853 


506 


62 


1688 


567 


65 


735 


297 


66 


1263 


"312 


67 


1252 


407 


68 


779 


682 


69 


1064 


296 


71 


656 


589 


72 


638 


545 


73 


1562 


583 


74 


1570 


556 


75 


1264 


621 


76 


1338 


564 


77 


1833 


363 


78 


1767 


565 


79 


925 


738 


80 


534 


698 


61 ' 


1811 


363 


82 


1412 


661 


83 


1471 


347 



84 1662 



85 1596 

86 1817 



87 

86 1589 

89 1706 

90 651 

91 1415 

92 1773 

93 1338 

94 1708 



563 
479 
301 

516 1371 



698 
719 
329 
710 
545 
446 
696 



-16.0 
1*25.2 
-15.3 
-21.6 
-14.0 
.•17 JS 
-20.9 
448 -8.7 
434 <r35.0 
424 -16.6 
417 <-35.0 
-16.1- 
•9.0 
; -8.0 
-17.8 
-17.2 
>-8.6 
-9.5 
-11.3 
-14.9 
-18.7 
-17.3 
<-35.0 
-9.2 
-19.6 
-7.3 
-0.1 
-8.7 
-6.3 
<-35.0 
-22.5 
-21.8 
-10.0 
•0.9 
-18.3 , 
>0.0 
-18.4 .. 
-19.8 
-2.5 
-10.3 
-9.2 
-6.2 
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867 
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472 
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922 
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1027 1296 648 
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861 
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536 
477 
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-8.5 
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-4.2 
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-31.1 
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-0.9 
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-14.7 

-1.5 
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-2.3 
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36,500 
f 53,000 : 
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57,200 
46.500 
96,300 
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36,900 
34.000 
56.300 
67,300 
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47.100 
^ 66,700 
26:900 
' 37,800 " 
16.900 
127,000 
46.000 
72.000 
45.500 
41.200 
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* 46,600 
41.200 
39,000. 
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45,800 
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49,100 
48.700 
25.800 
39.900 
36.000 
51.600 
58,500 
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36.900 
34,000 
49.500 
34,600 
53.700 
59,100 
33,000 
116.000 
28.600 
45.200 
38,800 
54,200 
46,300 
53.100 
42.400 
28,000 
48.000 
40,400 
38.000 
39,300 
33.100 
27.600 
48.300 
19,700 
44.700 
61.700 
36,200 
38,600 
34.700 
37.500 
51.400 
23,800 
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1174 
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1457 
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614 
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696 
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1324 
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1865 
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769 

740 
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663 

565 
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586 
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1431 

1394 
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703 
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-29.0 
-17.4 

-7.2 

-3.6 

-0.6 

-1.0 

-6.0 

-6.3 
-16.4 
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50.500 



! MSN 


X 


Y 


CPKd 


SOSMW o 


■ «40 


547 


577 


-25.3 


50.800 


1947 


590 


576, 


-26.3 


50.900 


1*4» 


51 6 


572 


-27.0 


51.200 


145U 


873 


536 


- -12.7 . 


- 53 SCO , 


1Z51 


607 


532 


-22.4 


54.200 


145Z 


DOS 


529 


-20.2 


54,400 


1253 


899 


766 


-14.1 


40.200 


. 1254 


r<1311 \; 


,745. 




41.200 


« *tee - 

1255 


1300 


761 


*' -7.5 


40.400 


1257 


1938 


712 


0.0 


42.900 


1258 


1806 


718 


-1.0 


42.600 


1258 


1727 


715 


-2.0 


42.700 


1260 


1629 


713 


•3.0 


42.800 


1261 


1555 


717 


-4.0 


42.600 


1262 


1468 


717 


-5.0 


42.600 


1263 


1413 


f 722 


-6.0 , 


f< - 42.400 


1264 


.1340.. 


;-7*7,. 


n -7.0:,; 


42,600 


1265 


1263 


717 


-6.0 " 


42,600 


1266 


1162 


720 


-9.0 


42,500 


1267 


1110 


717 


-10.0 


42.600 


1266 


1055 


717 


-11.0 


42.600 


1266 


909 


717 


-12.0 


42.600 


1270 


959 


715 


-13.0 


42,700 


1271 


905 


712 


•14.0 


42.900 


1272 


857 


714 


-15.0 


42,800 


1273 


810 


705 


-16.0 


43.300 ' 


1274 


i 774 "> 


711 


-17.0 - 


42.900 ~* 7 ' 


1277- 


737 


706 


-18.0 


43,100 


1278 


702 


711 


-19.0 


42.900 


1276 


671 


710 


-20.0 


43,000 


1280 


645 


710 


-21 .0 


43 000 


1281 


617 


707 


-22.0 


43 100 


1262 


595 


704 


-23.0 




1283 


573 


700 


-24.0 


43 500 


1264 


552 


695 


-25.0 


43.700 


1285 


536 


6&4 


-26.0 


43,800 


1286 


515 


687 


-27.0. 


44^200 . 


1267 


406 


6B3 


-28.0 


44,400 


1286 


467 


669 


-29.0 


45.200 


1289 


447 


667 


-30.9 


45,300 


1290 


427 


655 


. -31.0 


45.900 


1291 


412 


655 


•32.0 


45.900 


1292 


397 


652 


-33.0 


46,100 


1293 


381 


654 


-34.0 


46.000 


12&4 


365 


653 


-35.0 


46,100 


1295 


348 


653 


<-35.0 


46.100 



928 



L. Anderson €tmL 



Eltarcpkomis 1991, U t 909-930 



C 

o 

CO 

o 



H 

CD 




>*E 

if jf I 

c C « m « «ft 

5 e fc c >. o 



E c « c &E 2 3 

1 C? rl «* 



5 
a. 



. ^I8 J I*8 S 

o O o a> o o 

E E T2 £ E « 

o o 22 o £ 

x x act x a. 



8 



c 



■c 3 « c5 

5 cc CO a 




c c 
E 5 • E 

* c 5 9 £ 

is J| i 

1 * 



I i 



c 

< 




I 

E 



o. 
E 



S ci 



c c 

M M C 

CM ~ fig 

£>S«5 



o> « Cfi « 



E 



o 
S 

i 



i 

c 
J2 

E &E 



CM 
CM 
CM 



CD 
CD 



CO 

z 

CO 



0> 
IO 



co 



CO 

cow 

-CD 



2 8 



3 

CM 



CM • . CO 

-CD CO . 

00 •»-« CM -V 

CO CM CM ^ m 



CO 1^ 

— r>> 



CM 
CM 



O 

X 



^- V o 

rs. cnj <sr 

^ ^ CM 

CM . — 

— CO 

- cn 

CD CM CO 

5 2! 

'-CM 

- *V CD 
lO CM CO 
^0* *"» CM 
CM . — 

. ? o" 

O CM O 

5 - • se 

• O CD CD 

<• k z a - 

CO if) 

N © W jft W 

' N P) 

tf) - - If) 

h» io cd h*. 



S-gn: 2.2-0.2. 

i 



aorx cp = 

I II 



cc a co 



.CM IT) 
CD CO CM 

CM . . 

.Oih* 

CD v» CD 
CO CO 
CM . . 

.OCD 
N- CD CD 

cn co cd 
. Vco* 

IO CD CM 
*~ CO CO 

-NTcn « 

o ss s 



.CMCMCO 
PUT/lO O 

Nnw© — - 

■c c>»- to ^ 

.cm m cp 

CO • . . o 

CO ^ CD O CD 

• V) CD Q) 

SP CM ^ h» CO v 

cm . . .cn 

.co co cd . o> in 

— ^ cd co f^o r^co 



s 



CM 
IA 
CM 



CM 
CM 



CM 
CO 



CO 



CO 



CO 
CM 
CM 



CD 

E 
ca 
c 

c 

o 

s 

CL 




a 
E 
B 

t 

o 



» CO 
A3 £ 



o 

.-9 



I 

O) 

c 
u 

CB 

I 



CO 

o 

i 

X 
o 



I E « 



o « c a 

co ll£ « 

03 - E cm' 

c c c 

1 fi fi 

2 2 5 



ill 5 ?! 

5 © ce c o 
o t a> 5 n 

ii 



• 3 

v> > 

£ *) 

0 o 

• I 

1 - 

j i 

c « 

CD CX 

8 5 

CL X 



O 

CO 







8 


si 


iin pre 




albun 


5 M 


E 


5 S 


2 




9 




to 


CLCO 



c 

9 



1 1 



1 1 



Si 



O 

E 

CD 
C 

CL 

o 



x 
o 
o 

X 



a. 
< 

i 

CO 

in 



CD 



o 
< 

CO 

o 



< 

8, S-r 

O -JQ. 

< < < 

CO coco 

9 99 



in CO 

co S 

-j a. 

< CO 

< Cl 
9. « 



Q O Q 





"I 






ME 






O 






X 






X 




CO 

a. 


oc 


Cl 




ABI 


o 




LL 


co 


CO 


CO 


Q 


Q 


9 



CO 

< 

X 

z 
> 

CO 

<• 

o 
o 

6 
2 

X 
CO 

o 



ffi 



o 



o 
o 



CO 

a 



co 
a 



co 
o 



CO 

Z 



5 2 2 2 



CO 
D 



O 
LU 
X 



o 
m 



0. 

o 
< 
z 
co 
o 



CO 

z 

UJ 

o 

X 

a 



< 
2 

co 

5 5 

a, a 

co co 

O Q 



< 

i O * S 

< 5 ^ ^ 

O XO CO £ 

CC >0 3 3 

Cl CL CO P P 

w wen co co 

Q go 9 g 



Eltampkmit 1991, 907-930 

Table '3. Computed V« of two sets of carbamyUied protein standards: Rabbit muscle CPK and human 
hemoglobin (Hb) «— •« 
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Tabic 4. Computed pfs of some known proteins related to measured CPK pfs 
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A two-dimensional gel database of rat liver, proteins 
useful in gene regulation and drug effects studies 

A standard two-dimensional (2-D) protein map 'or Fischer. 344 ,rai liver 
(Fj44MST3) is presented/with a tabular listing of more than 1200 protein species 
Sodium codecy] sulfate (SDS) molecular mass and isoelectric point have been es- 
; tabhshed, based on positions of nuxnerous'intenial standards. This map has been 
used to connect'and compare hundreds of 2-D gels of rat liver samples from a va- 
riety of studies, and forms the nucleus of an expanding database, describing rat 
liver protein's and theirjegulation.by various drugs and toxic agents. An example 
of such a'stucy, involving regulation of cholesterol synthesis bv cholesterol-lower- 
ing drugs^nc.a high-cholesterol diet, is presented.. Since the map hasten ob- 
tained with £ widely used arid highly reproducible 2rD gei svsieni (the Iso-Dalt* 
system), it can be directly related to an expanding body.of work in other laborato- 
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1: Introduction 



ConespoDdcocc: Dr. N. Leigh Anderson. Large Scale Biology Corpora- 
tion, 9620 Medical Center Drive. RockviUe. MD 20850, USA 

Abbreviations: CBB, Coomassie Brilliant Btue; CPK, creatine phospho- 
kinaie; 2-D, two-dimensional; 1EF, isoelectric focusing; MSN, master 
spot number; NP-40, Nonidet P-40, SDS, sodium dodecyl sulfate 

<D VCH VerUgsicsellschaft mbH. D-6940 Weinheim, 1991 



High-resolution two-dimensional electrophoresis of pro- 
teins, introduced in 1975 by OTarrell and others [1-4], has 
been used over the ensuing 16 years to examine a wide va- 
riety of biological systems, the results appearing in more 
than 5000 published papers. With the advent of computer- 
ized systems for analyzing two-dimensional (2-D) gel ima- 
ges and constructing 1 spot databases, it is also possible to 
plan and assemble integrated bodies of information de- 
scribing the appearance and regulation of thousands of pro- 
tein-gene products [5; 6). Creating such databases involves 
amassing and organizing quantitative data from thousands 
of 2-D gels, and requires a substantial commitment in tech- 
nology and resources. 

Given the long-term effort required to develop a protein da- 
tabase, the choice of a biological system takes on consider- 
able importance. While in vitro systems are ideal for answer- 
ing many experimental questions, especially in cancer re- 
search and genetics, our experience with cell cultures and 
tissue samples suggests that some in vivo approaches could 
have major advantages. In particular, we have noticed that 
liver tissue samples from rats and mice appear.to show grea- 
ter quantitative reproducibility (in terms of individual pro- 
tein expression) than replicate cell cultures. This is perhaps 
a natural result of the homeostasis maintained in a com- 
plete animal vs. the well-known variability of cell cultures, 
the latter due principally to differences in reagents (e.g.! 
fetal bovine serum), conditions (e.g., pH) and genetic *evo-' 
lution*: of cell lines while in culture. It is also more difficult " 
to generate adequate amounts of protein from cell culture . 
systems (particularly with attached cells), forcing the inves- 
tigatorto resort to radioisotope-based or silver-based stain- 
detection methods. While these methods are more sensi- 
tive (sometimes much more sensitive) than the Coomassie 
Brilliant Blue (CBB) stain typically used for protein detec- 
tion in "large" protein samples, they are generally more vari- 
able, more labor-intensive and, in the case of radiographic 
methods, may generate highly "noisy" images, due to the 
properties of the films used. By contrast, large protein sam- 
ples can easily be prepared from liver using urea/Nonidet 
P-40 (NP-40) solubilization and stained with CBB, which 
has the advantage of being easily reproducible [8J. Finally, 
there remains the question of the "truthfulness" of many in 
vino systems as compared to their in vivo analogs; how 
great are the changes caused by the introduction into a cul- 
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ture andAbe ^sociaied shtft to strong ^election for.groy.ih, 
,.and how do th«V.afTcct.cxpcrimenial outcomes? Hence 
tbe apparent advantages of in vitro systems, in terms of ex- : 
perimentaJ manipulation, may be • counterbalanced by 
other factors relating to 2-D data quality. 

.There is iiw for exploring 

* the use of an /a v/vabiblogical system such as tbe liver; His* ; 
torically, there ,'faaye been iwo broad approaches to the me- 
ichanistic dissection, of biochemical processes in intact eel- 
lular systems: genetics (a search for informative mutants) 
and the'usetf chemical agents (drugs and cbcmicaJ toxins). 
Both approaches help' us to* understand r compiex .systems 
by, disrupting some specific functional element and show- 
ing us the result- With the, development of techniques for 
genetic manipulation and cloning, the genetic approach 
can be effect! vely applied either in vitro or in.yivo, although 
the in vitro route is usually quicker. The chemical.approach 
can also be applied to either sort of biologicarsysiem; : bere, 
however, the bulk of consistently acquired information is 
in experimental animals (rats and mice). While most biolo- 
gists know a short list of compounds having specific, experi- 
mentally useful effects (e.g., inhibitors of protein synthesis, 
ionophores, polymerase inhibitors, channel blockers, nu- 
cleotide analogs, and compounds affecting polymerization 
of cytoskeletal proteins), there is a much larger number of 
interesting chemically-induced effects, most of them char- 
acterized by toxicologists and pharmacologists in rodent 
systems. Just as a thorough genetic analysis would involve 
saturating a genome with mutations, it is possible to ima- 
gine a saturating number of drugs, the analysis of whose ac- 
tions would reveal the complete biochemistry of the cell. 
While organized drug discovery efforts usually target spe- 
cific desired effects, the nature of the process, with its de- 
pendence on screening large numbers of compounds, ne- 
cessarily produces many unanticipated effects. It is there- 
fore reasonable to suppose that the required broad Tange of 
compounds necessary' to achieve "biochemical saturation* 
may be forthcoming; in fad, it may already exist among the 
hundreds of thousands of compounds that failed to qualify 
as drugs. 

Among organs, the liver is an obvious choice for the study 
of chemical effects because of its well-known plasticity and 
responsiveness. The brain appears to be quite plastic (e.g. 
[7]), but it is a complicated mixture of cell types requiring 
skillful dissection for most experiments. The kidney, while 
quite responsive, also presents a potentially confounding 
mixture of cell types. The liver, by contrast, is made up of 
one predominant cell type which is easy to soiubilize: the 
hepatocyte, representing more than 95 % of its mass. Most 
importantly, the liver performs many homeostaiic func- 
tions that require rapid modulation of gene expression. It 
appears that most chemical agents tested affect gene ex- 
pression in the liver at some dosage (N. Leigh Anderson, 
unpublished observations), an interesting contrast to our 
earlier work with lymphocytes, for example, which seem to 
be much less responsive. Such results conform to the expec- 
tation that cells with a homeostaiic, physiological role 
should be more plastic than cells differentiated for a pur- 
pose dependent on the action of a limited number of spe- 
cific genes. 

The liver also allows the parallels between in vitro and in 
vivo systems to be examined in detail. Significant progress 
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bas beVn made in the development of mouse, rat and hu- 
man hepalpcne culture systems, as.well as in precision-cut 
tissue slices. Usingiuch an array of techniques; it r i$ possi- 
ble to assemble a matrix of mammalian systems including 
mouse andiiat-M vivo on one level and mouse, jat and hu- 
man V/: v/rro on a second level, and to compare effects be- 
tweeirtpecies arid between systems. This approach allows 
us'to craw informed conclusions regarding the biochemical 
Universality* of biological responses among the mammals, 
and r io* offer some insight into the validity of in vitro ap- 
proaches for toxicplqgical screening. We believe this data 
will be necessary ifinyiuo alternatives are to achieve wide 
usage.in'govemment-mahdated safety testing of drugs, con- 
- sumer products arid : industriarand agricultural chemicals. 

A number of interesting studies' have'been published using 
2;D mapping to examine effects in the rodent liver. A num- 
ber of investigarprs have made use of .the, .technique to 
screen for existing genetic variants [8-11] or induced muta- 
tions [12-t 1 4], mainly in the mouse. This work builds on the 
wealth cf genetic'informatiqn available on the mouse and 
"its established position as a mammalian' mutation-detec- 
tion system'. -While, some studies, tit chemical, effects have 
been undertaken in the mouse [15-17], most have used the 
rat [18-23]. The examination of the cytochrome p-450 sys- 
tem, in particular, has been carried out almost exclusively 
on the rat [24, 25], 

These considerations lead us to conclude that rodent liver 
offers the best opportunity to systematically examine an 
array of gene regulation systems, and ultimately to build a 
predictive model of large-scale mammalian gene control. 
The basic underlying foundation of such a project is a reli- 
able, reproducible master 2-D pattern of liver, to which on- 
going experimental results can be referred. In this paper, we 
report such a master pattern for the acidic and neutral pro- 
teins of rat liver (pattern F344MST3).In future, this master 
will be supplemented by maps of basic proteins, and analog- 
ous maps of mouse and human liver. 



2 Materials and methods 
2.1 Sample preparation 

Liver is an ideal sample material for most biochemical stud- 
ies, including 2-D analysis. A sample is taken of approxima- 
tely 0.5 g of tissue from the apical end of the left lobe of the 
liver. Solubilization is effected as rapidly as practical; a 
delay of 5-15 min appears to cause no major alteration in 
liver protein composition if the liver pieces are kept cold 
(e.g., on ice) in the interim. In the solubilization process, 
the liver sample is weighed, placed in a glass homogenizer 
(e.g., 15 mL Wheaton); 8 volumes of solubilizing solution* 

* The solubilizing solution is composed of 2% NP-40 (Sigma), 9 m urea 
(analytical grade, e.g., BDH or Bio-Rad), 0.5% dithiothreitol (DTT; 
Sigma) and 2 % carrier ampholytes (pH 9-11 LKB: these come as a 20* 
stock solution. so 2 % final concentration is achieved by making the final 
solution 10% 9- U Ampholine by volume). A large batch of solubiliier 
(several hundred mL) is made and stored frozen at -80°C in aliquois 
sufficient to provide enough for one day's estimated sample prepare* 
tion requirement. The solution is never allowed to become wanner 
than room temperature at any stage during preparation or thawing for 
use. since heating of concentrated urea solutions can produce contami- 
nants that covalently modify proteins producing anjfactual charge 
shifts. Once thawed, any unused solubiliier is discarded. 
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is added (/.*., 4 mL per 0.5 g tissue) and the mixture is ho- 
; t mogenized using.first the loose- and then then the tight-fit- 
ting glass pestle. 'This takes approximately 5 strokes with 
each pestle and is carried out at room temperature because 
urea would crystallize out in the cold. Once the liver sample 
is thoroughly homogenized in the solubilizer. it is assumed 
that all the proteins are denatured (by the chaotropic effect 
of the urea and NF-40 detergent) and the enn mes inacti- 
vated by the high pH (-9.5). Therefore these samples may 
be kept at room temperature until they can be centrifuged 
or frozen as a group (within several hours of preparation) 
The samples are centrifuged for 6 X 10* g min (e.g., 500 000 
X g for 12 min using a Beckman TL-100 centrifuge). The 
centrifuge rotor is maintained at just below room tempera- 
ture (e\g., 15-20 e C), but not too cold, so as to prevent the 
precipitation of urea. The centrifuge of choice is a Beckman 
TL-100 because of the sample tube sizes available, but anv 
uhracentrifuge accepting smallish tubes wijj suffice. When '' 
an appropriate centrifuge is not available near the site of 
sample preparation, samples can be frozen at -S0 c C and 
thawed prior to centrifugation and collection of superna- 
tants. Each supernatant is carefully removed following cen- 
trifugation and aliquoted into at least 4 clean tubes for stor- 
age. This is done by transferring all the -supernatant to one 
clean tube, mixing this gently (to assure homogeneous 
composition) and then dividing it into 4 aliquots. Tne ali- 
quois are frozen immediately at -80°C. These multiple ali- 
quots can provide insurance against a failed run or a freezer 
breakdown. 

22 Two-dimensional electrophoresis 

Sample proteins are resolved by 2-D electrophoresis u<ing 
the 20 X 25 cm Iso-Dalt* 2-D gel system ([26-2?]- pro- 
duced by LSB and by Hoefer Scientific Instruments', San 
Francisco) operating with 20 gels per batch. All first-dimen- 
sional isoelectric focusing (IEF) gels are prepared using the 
same single standardized batch of carrier ampholvtes 
(BDH 4-SA in the present case, selected by LSB's batch- 
testing program for rat and mouse databasework**). a 10 
ML sample of solubiiized liver protein is applied to each gel 
and the gels are run for 33 000 to 34500 volt-hours using a 
progressively increasing voltage protocol implemented by 
a programmable high-voltage power supply. An Ange- 
lique~ computer-controlled gradient-casting system (pro- 
duced by LSB) is used to prepare second-dimensional sod- 
ium dodecyj sulfate (SDS) polyacrylamide gradient slab 
gels in which the lop 5 % of the gel is 1 2 %T acrvlamide, and 
the lower 95% of the gel varies linearly from 11% to 18%T 
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. y i k m d °f > ° m ° slab "toom equilibra- 
tion and hdd iij t place by polyester fabric wedges S 
gies produced by LSB) to avoid the use of hofagarosc 
Second-dimensionaJ slab gels axe run overnight, in group,' 
of 20, m cooled DALT tanks (10-Q with buffer tiiSSSi 
All run parameters, reagent source and lot information, 
and notations of deviation from expected results are tnxt 
red by the technician responsible on a detailed, multi-paee 
record of the experiment. * 

23 Staining 

Following SDS-electrophoresis, slab gels are stained for 
protein using .a colloidal Coomassie Blue G-250 procedure 
»n covered plastic boxes w,t h 10 gels (totalling approxima- 
tely-1 L of gel) per box.This.procedureibased on the work 
or NeuhofT [30, 3fl) involves fixation ifi 1.5 L of 50% etha- 
.noUnd 2 % phosphoric acid for 2 h, three 30 min washes, 
;each m2Lof cold tap water, and transfer to ,1 .5 L of 34% 
methanol 17% ammonium sulfate khd 2 % phosphoric acid 
for 1 h, followed by the addition^ a gram of powdered Coo- 
massie Blue G-250 stain. Staining requires approximately 4 
days to reach equilibrium intensity, whereupon eels are 
transferred to cool tap water.and their surfaces rinsed to re- 
move any paniculate stain. prior to scanning. Gels may be 
kept for several months in water with added sodium azide 
The water washes remove ethanol that would dissolve the 
stain (and render the system noncolloidal; with high back- 
v grounds). The concentrated ammonium sulfate and meth- 
anol solution is diluted by equilibration with the water vol- 
ume of the gels to automatically achieve the correct final 
concentrations for colloidal staining. Practical advantages 
or this staining approach can be summarized as follows- (i) 
the low, flat background makes computer evaluation of 
small spots (max OD < 0.02) possible, especially when 
using laser densitometry; (ii) up to 1500 spots can be reli- 
ably detected on many gels <e%g., rat liver) at loadings low 
enough to preserve excellent-resolution; and (iii) reprodu- 
cibility appears to be very gdod: at least several hundred 
spots have coefficients of reproducibility less than 15% 
This value is at least as good as previous CBB methods and 
significantly better than many silver stain systems. ' 

2.4 Positional standardization 



This system has recently been modified so as to employ a 
commercially available 30.8%T acrylamide/A^.A^-methyle- 
nebisacrylamide prepared solution (thus avoiding the han- 
dling of the solid acrylamide monomer) and three addi- 
tional stock solutions: buffer (made from Sigma pre-set 
Tris), persulfate and AW^AMetramethylethvlenedi- 
amine (TEMED). Each gel is identified by a computer- 
printed filter paper label polymerized into the lower left cor- 
ner of the gel. First-dimensional IEF tube gels are loaded 



' This material (succeeding certified batches ofwhich are available from 
Hoefer Scientific instruments) has the most linear pH gradient pro- 
duced by any ampholyte tested except for the Pharmacia wide range 
(which has an unacceptable tendency to bind high-molecular weight 
acidic proteins, causing them to strealc). 



J?p " r ^ m i' ia i ed r :" bbit muscle creatine Phosphokinase 
(CPK) standards [32] are purchased from Pharmacia and 
Amino acid compositions, and numbers of residues 
present m proteins used for internal standardization are 
taken from the Protein Identification Resource fPIIO se. 
quence database [33]. ' 

2.5 Computer analysis 

Stained slab gels are digitized in red light at 134 micron re- 
solution, using either a Molecular Dynamics laser scanner 
(with pixel sampling) or an Eikonix 78/99 CCD scanner 
Raw digitized gel images are archived on high-density DAT 
tape (or equivalent storage media) and a greyscale video- 
print prepared from the raw digital image as hard-copy 
backup of the gel image. Gels are processed using the Kep- 
ler* software system (produced by LSB), a commercially 
available workstation-based software package built on 
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some of the principles of the earlier TYCKO system 
41], Procedure PROC008 is used to yield a spotlist giving 
position, shape and density information for each detected 
spot. This procedure makes use of digital filtering, mathe- 
matical morphology techniques and digital masking to re- 
move the background, and uses full 2-D least-squares opti- 
mization to refine the parameters of a 2-D Gaussian shape 
for each spot. Processing parameters and'file locations are 
stored in a relational database, while various log files detail- 
ing operation of the automatic analysis software are ar- 
chived with the reduced tiata.The computed resolution and 
level of Gaussian convergence oTeach gel are inspected . 
and archived for quality control purposes. > ; - ~ 

* :r " ^ ■ " ■ ^"i 
Experiment packages are constructed using- the Kepler ex-V 

periment definition database to assemble groups of 2-D 
patterns corresponding to the experimental groups (en- 
treated and control animals). Each 2-D pattern is matched 
to the appropriate •'master* 2-D pattern (pattern 
F344MST3 in the case of Fischer 344 rat liver), thereby 
providing linkage to the existing rodent protein 2-D data- 
bases. The software allows experiments containing hun- 
dreds of gels to be constructed and analyzed as a unit, with 
up to 100 gels displayed on the screen at one time for com- 
parative purposes and multiple pages to accommodate ex- 
periments of > 1000 gels. For each treatment, proteins 
showing significant quantitative differences vs. appropriate 
controls are selected using group-wise statistical parame- 
ters (e.g., Student's t-test, Kepler* procedure STUDENT). 
Proteins satisfying various quantitative criteria (such as P< 
0.001 difference from appropriate controls) are repre- 
sented as highlighted spots onscreen or on computer-plot- 
ted protein maps and stored as spot populations (i.e., logi- 
cal vectors) in a liver protein database. Quantitative data 
(spot parameters, statistical or other computed vaJues) are 
stored as real- valued vectors in the database. Analysis of co- 
regulation is performed using a Pierson product-moment 
correlation (Kepler procedure CORREL) to determine 
whether groups of proteins are coordinately regulated by 
any of the treatments. Such groups can be presented graphi- 
cally on a protein map, and reported together with the statis- 
tical criteria used to assess the level of coregulation. Multi- 
variate statistical analysis (e.g., principal components' ana- 
lysis) is performed on data exported to SAS (SAS Institute). 

2.6 Graphical data output 

Graphical results are prepared in GKS and translated 
within Kepler* into output for any of a variety of devices. 
Linedrawing output is typically prepared as Postscript and 
printed on an Apple LaserWriter. Detailed maps presented 
here have been generated using an ultra-high-resolution 
Postscript-compatible Linotronic output device. GreyscaJe 
graphics are reproduced from the workstation screen using 
a Seikosha videoprinter. Patterns are shown in the standard 
orientation, with high molecular mass at the top and acidic 
proteins to the left. 

2.7 Experiment LSBC04 

In the study described here 12-week-old Charles River 
male F344 rats were used. Diets were prepared at LSB, 
based on a Purina 5755 M Basal Purified Diet. Lovastatin 
and cholestyramine were obtained as prescription pharma- 



ceuticals, ground and mixed with the diet at concentrations-, 
of 0.075 % and 1 % respectively. The high cholesterol diet 
was Purina 5801M-A (5% cholesterol plus 1 % sodium etio- 
late in the control diet). Animal work was carried out by Mi- 
crobiological Associates (Bethesda, MD). Animals were ac- 
climatired.for one week on the control diet, fed test or con* 
trol diets for one week, and sacrificed on day 8. Average 
daily doses of lovastatin and cholestyramine in appropriate 
groups were 37 mg/kg/day and 5 g/kg/day, respectively, 
based on the weight of the food consumed. Liver samples 
were collected and prepared for 2-D electrophoresis accord- 
ing to the standard liver protocol (homogenization in 8 
-volumes of 9 m urea, 2% ; NP-40, 0.5% dithioihreitol, 2% 
-LKB.pH .9—1 Learner ampholytes, followed by cemrifuBa-' 
lion for 30.min at fiOOOO^X |). Kidney, brain anchplasma 
samples were frozen. Gels were run as described above, 
and the data was analyze dousing the Kepler* system. Gels 
were scaled, to remove the. effect. of differences in protein 
loading, bysetting the summed abundances of a largenura- 
ber of matched spots. equaLfor each gel (linear scaling). ' 

3 Results and discussion 

3.1 The rat liver protein" 2-D map o 

F3^4MST3 is a standard 2-D pattern of rat liver proteins, 
based on the Fischer 344 strain. This pattern was initiated 
from a single 2-D gel and extensively edited in an experi- 
ment comparing it to a range of protein loads, so as to in- 
clude both small spots and well-resolved representations of 
high-abundance spots. More than 700 rat liver 2-D patterns 
have been matched toF344MST3 in a series of drug effects 
and protein characterization experiments, and numerous 
new spots (induced by specific drugs, for instance) have 
been added as a result. A modified version including addi- 
tional spots present in the Sprague-Dawley outbred rat has 
also been developed (data not shown). Figure 1 shows a 
greyscale representation and Fig. 2 a schematic plot of the 
master pattern. More than 1200 spots are included, most of 
which are visible on typical gels loaded with 10 uLof solubi- 
lized liver protein prepared by the standard method and 
stained with colloidal Coomassie Blue. Master spot num- 
bers (MSN's) have been assigned to all proteins, and ap- 
pear in the following figures, each showing one quadrant of 
the pattern. Figure 3 shows the upper left (acidic, high 
molecular mass) quadrant. Fig. A the upper right (basic, 
high molecular mass) quadrant, Fig. 5 the lower left (acidic, 
low molecular mass) quadrant, and Fig. 6 the lower right 
(basic, low- molecular mass) quadrant. The quadrants over- 
lap as an aid to moving between them. The gel position (in 
100 micron units), isoelectric point (relative to the CPK in- 
ternal p7 standards) and SDS molecular mass (from the cali- 
bration curve in Fig. 8) are listed for each spot (Table 1). Be- 
cause of the precision of the CPK-p/ values, these parame- 
ters can be used to relate spot locations between gel sys- 
tems more reliably than using p/ measurements expressed 
as pH. A major objective of cunent studies is the identifica- 
tion of all major spots corresponding to known liver pro- 
teins, as well as rigorous definitions of subcellular orga- 
nelle contents. Of particular interest to us is the parallel de- 
velopment of identifications in the rat and mouse liver 
maps, allowing detailed comparisons of gene expression ef- 
fects in the two systems. The results of these studies will be 
presented systematically in a later edition of this database, 
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We have previously shown that the use of a svnen of close- 
ly-spaced internal p/ markers (made bv-caVbanvl-.irr ! 
basic protein) offers an accurate and workable soiuffio 
the problem of assigning positions in the p/dinen.ion Rl 
The same system based on 56 protein species made t ■ • „ r - 
bamylat,ng rabb.t muscle CPK, has been usee here to as 
s.gn p/s to most rat liver acidic and neutral protein* lie 
standards were coelectrophoresed with total liver F rot"e inl 
and the standard spots added to a special version of he' 
master pattern F344MST3. The gel WdinsS of a,! 
liver protein spots lying within the CPK charge train were 
then transformed into CPK p/ positions by interpolation 
between the positions of immediately accent standards 
(Table 1) using a Kepler 8 vecior procedure. 

It has proven possible to compute fairlv accurate d/ value* 
for many proteins from the amino acid composition 421 
We have attempted here to test a further elabofa, ol of hi s 
approach, in which we computed p/s forthe CPK llr£ 
themselves, based on our knowleVrfSea^S 
CPK sequence and the fact that adjacent members of the 
charge tram typ.callyd.ffer by blockage of one addi iona lv. 
sine residue (Table 3). We compared these values to S/aV 
computed p/s for an additional set of carbamvlated und. 
ards made from human hemoglobin beta chains and a se- 
ries of rat liver and human plasma proteins of known bos! 
t.on and sequence (Fig. 7,Table 4).The result demote" 
good concordance between these systems. tJS pre,"£ 
(MP**? ^"i^'o^'iverfany-acid binding^ ein 
K P- ; V m Table 4) and prolein bisulphide isomerale 
(#20 in the table). The FABP spot present on F344MST3 
may represent a charge-modified version of a more basic 
parent spot closer to the expected pi, not reso.veo in the 
1EF/SDS gel. Of particular importance is the fact that bv 
comparing computed p/s of sequenced but unlocated cro- 
teins with the CPK p/s, we can assign a prob^ge, ,Jca 
uon without making any assumptions regarding the acitS 
gel pH gradient. This ofTers a useful shoncut, given the va- 
garies of pH measurement on small diameter 1EF eels We 
have used this approach to compute the CPK p/s of all rat 
and mouse proteins in the PIR sequence database as an aid 
to protein identification (data not shown) aoa "' asana,d 



-agents included in the dierlov*«-i;« /iT< 1 ' cc 
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third should raise it. allowing manipulation of refevu! 
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In order to standardize SDS molecular weight (SDS-MWi 
we have used a standard curve fitted to a series of identified 
proteins (Fig. 8). Rather than using molecular mass™ S 
we have elected to use the number of amino acids in the 
polypeptide chain, as perhaps a better indication of the 
length of the SDS-coated rod that is sieved by the second 
dimension slab. The resulting values were multiplied b° 
112 (the weighted average mass of amino acids in se- 
quenced proteins to give predicted molecular masses Be- 
cause we use gradient slabs. w e have not constrained the fit- 
ted curve to conform to any predetermined model- rather 
we tried many equations and selected the best us inl the 
program -Tablecurve- on a PC. The equation cnose^i v 
=o+ bx+ c/r .whereas the number of residues,* is the gel 
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abundance ,s controlled by the cholesterol level it 7s «S 
gressiveiy increased from the control levei bTcholS ST 

•ion w t h an ami , o Ihal ^^2f^ 
chael Greenspan at Merck Sharp & Dohme Research i L.S 
ratones. This enzyme lies immediately brfore HMg1?oA ' 
reductase ,n the livercholesterol biosynthesis i Mthw.v »ni 
■s known to be co-regulated w it „ it / Spo * 3 Sas an SDS 
molecular weight of about 54 000 and aCPKp/oMl 4 in 

svsun^srrT? wiih a mo,ecuiar ^ " 

Using a classical product-moment correlation test (Kenler 

r n r ° C H dUr l C0RREL) ' 3 serics ° f f,v < addi iionlr S poVs wL 
found to be coregulated with 413.The leve of ewretaUon 
was exceedingly high (> 95%). Two of thes 1250 in! 9M 
are a. similar molecular weights and approximated one 
charge more acidic than 413 (Fig. 9) indicailnT th.t tk 
may be covalem)v modified ^ ha, hey 

This suspicion is strengthened by the observation that both 

Co°A sShS £ inCd ^ ,hC amib0dy ,0 e »5S 

CoA synthase.The remaining three correlated spots appear 
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io comprise an additional reteted pair (1253 and 1001) of 
around 40 kDa and a single spoi (1139) of around 28 kDa. 
Because these two presumed proteins are present at sub- 
stantially lowerabundances than 413, and because the cyto- 
solic HMG-CoA svnthase is reported to consist of only one 
tvpe of polypeptide, lhC y are likely to represent other, very 
lightly coregulated enzymes. A second group of six spots 
was selected based on a regulatory pattern close to-the in- 
verse of that forspot 413 (MSN's 34, 79,' 178, ) 82, 204, 347; 
data not shown). For these proteins, the lowest level ofex- 
predion occurs with exposure to lovasiatm plus cholestyra- 
mine knd the highest level upon exposure to the high-cho- 
- lesierol diet.'Spots 182 and 79 are highly conelatec and he 
, about one charge apart at the same molecular weight; they 
may thus be isoforms pf a single protein. The other four . 
'.spots probably represent additional enzymes or subunits: 

<■■-■■* . ... * % - - 

3.3.2 MSN 235 and coregulated spots 

A third group of five spiots, mainly comprised of mitochon- 
drial proteins including putative mitochondrial HMG- 
CoA svnthase spots, showed a modest induction by lovasta : 
tin alone, bux little or no efTect with any of the other treat- . 
. menis (including the combination of lovastaiin and choles- 
tvramine; Fig. 12).This result is intriguing because lovasta- 
tin was expected to efTect only the regulation of enzymes of. 
cholesterol svnthesis, which is entirely extra-miiochon- 
drial. Three of the spots (235, 134, 144) form a closely- 
packed triad at approximately 30 kDa; and are likely to re- 
present isoforros of one protein. All three spots are stained, 
by an antibody to the mitochondrial form of HMG-CoA 
svnthase obtained from Dr. Greenspan. Subcellular fractio- 
nation indicates a mitochondrial location. The other two 
spots (633 at about 38 kDa and 724 at about 69 kDa) are 
each present at lower-abundance thanthe members of the 1 
triad. 

333 An example of an anti-synergistic effect 

A sixth spot (367) shows strong induction by lovastatin 
(two- to threefold), and about half as much induction with 
lovastatin plus cholestyramine, but without sharing the ani- 
mal-animal heterogeneity pattern of the 235-set (Fig. 13). 
This protein is also mitochondrial, and represents the clear- 
est example of an anti-synergistic efTect of lovastatin and 
cholestyramine. The existence of such an efTect demon- 
strates that lovastatin and cholestyramine do not act exclu- 
sively through the same regulatory pathway. 

33.4 Complexity of the cholesterol synthesis pathway 

Taken together, these results suggest that treatment with lo- 
vastatin alone can affect both cytosolic and mitochondrial 
pathways using HMG-CoA, while cholestyramine, on the 
other hand, either alone or in combination with lovastatin, 
produces a strong effect on the putative cytosolic pathway, 
but little or no effect on the putative mitochondrial path- 
way. An explanation for this difference may lie in lovasta- 
tin's effect on levels of HMG-CoA and related precursor 
compounds that are exchanged between the cytosol and 
the mitochondrion, whereas cholestyramine should affect 
only the cytosolic pathways directly controlled by cholester- 
ol and bile acid levels. It remains to be explained why some 



proteins of the putative mitochondrial pathway" are so 
much more variable in their expression in all groups. An ex^ 
amination of all the coregulated groups suggests that quan- ' 
titative statistical techniques can extract * wealth of inter* 
esting information from large sets of reproducible gels. The 
abundance of spots in the 413 coregulation group, for exam- 
ple, shows an amaiing level of concordance in their relative 
expression among the five individuals of the lovastatin and 
cholestyramine treatment group. This effect is not due to 
differences in total protein loading, since they have already 
been removed by scaling, and since proteins with quite dif- 
ferent' regulation patterns «an be demonstrated (e.g., Fig. 
13).Su.ch effects raisrtbep'ossibility that many gene cbregu- 
lation^seis may be revealed through the study J of a "suffi- 
ciently large population of control animals (i.e., without 
any experimental manipulation). This appi^ch/exploiting 
natural biological variation in protein expression instead of 
drug-effects, offers an important incentive for the construc- 
tion of a large library of control animal patterns. 



4 Conclusions 1 < 

• Because of the widespread use oPrat liver in both basic bio- 
chemistry and in toxicology, there is ajpng-term need for a 
comprehensive database of liver proteins.The rat liver mas- 
ter pattern presented here has proven to be an accurate re- 
presentation of this system, having been matched toinore 
than 700 gels to datt.As the number of proteins identified 
and the number of compounds tested for gene expression 
. effects grows, we expect this database to contribute valu- 
able insights into gene regulation. Its practical utility in sev- 
eral areas of mechanistic toxicology is; already being de- 
monstrated. . ; : - „. 

- Received September 11, 1991 



[1] O'Farrell. P., 7. Btoi. Chem. 1975, 250. 4007-4021. 
[2] KJose, J., Humangenetik 1975, 26. 23 1-243. 
[31 Scheele. G. A.. J. Biol. Chem. 1975, 250. 5375-5385. 
|4) lborra. G. and Buhler. J. M.,Anal. Biochem. 1976, 74. 503-511. 
(5] Anderson, N. G. and Anderson. N. L., Behnng. Inst. Mitt. 1979. 6J, 
169-210. 

|6J Anderson. N. G . and Anderson, N . L.. Chn. Chem. 1982, 7*. 739-748. 

[7] Heydorn. W. E-. Creed, G. J. and Jacobowiu, D. M., J. Pharmacol. 
Exp. Tnerop. 1984. 229, 622-628. 

{8] Anderson, N.L.. Nance. S.L.,Tollaksen.S.L.,Giere,F. A. and Ander- 
son, N. G.. Electrophoresis 1985, 6. 592-599. 

[9] Racine, R. R. and Langley, C. H., Biochem. Genet. 1980, /5. 1E5-197. 
|101 Klose. J.. Mol. Evol. 1982, /$, 315-328. 

Ill] Neel.J.V..Baier.L..Hanash,S.andErickson.R.P.,y.W#«rf. 1985.76, 
3M-320. 

(12) Marshall. R.R.. Raj. A.S., Grant. F.J. and Heddle.J. A.Xon.J.Genrt. 

CytoL 1983, 25. 457-446. 
113) Taylor. J. . Anderson, N.L., Anderson, N.G.,GemmeH.A.,GiomeUi, 

C. S., Nance. S. L. and Tollaksen. S. L., in: Dunn, M J. (Ed.),£/ecw 

phoresis *$6.Verlag Chemic. Weinhtim 1986, pp. 583-587. 
(14) Giometti, C. S.,Gemmell. M. A.. Nance. S. Tollaksen. S. L and 

Taylor, J., J. Biol. Chem, 1987. 262, 12764-12767. 
1 153 Anderson. N. L.. Gicre, F. A., Nance, S. U, Gemmell. M. A..To11ak- 

sen. S. L. and Anderson. N. G., in: Galieau. M.-M. and Siest, G. 

(Eds.). Progres Recents en Electrophorese Bidimensionelle, Presses 

Universiiaires de Nancy, Nancy 1986. pp. 253-260. 
[16) Anderson. N. L., Swanson. M., Giere. F. A. . Tollaksen. S., Gemmell, 

A., Nance, S. L.and Anderson, N. G., Electrophoresis 1986, 7,44—41. 



5 References 



Eltctmpkonsis 1991, U 907-930 



Daubuc of m liver proteins 913 



(17) Anderson, N. L, Giere, F. A.. Nance, S. L.. Gemmell. M. A.. Toliak- 
sen, 5. L. and Anderson, N. CFundom. Appl. Toxicol. 1957, 8. 39-50. 

[18] Anderson. N.I^, in : #e* Horizons in Toxicoiog\\LU Lilly Sympcsi urn, 
1991, in press. 

[19J Antoine, B., Rahimi-Pour, A., Stest, G.. Msgdalou, J. and Galteau. 

M. M., Cell. Biochem. Funci. 19f7, 5, 2 17-23 1. 
(20) Elliott, B. M., Rammmy, R., Sionard, M. D. and Spragg, £. P. Bio- 

ehim. Biophys. Acta 1986. £70, 135H40. 
12 1) Htber, B.E., Heilman, C. A., Winh, P. J., Miller, M.J. and Thorgeirs- 

son. S. $., Hepctoloty 1986, 6, 209-219. 
(22) Winn. P.J. and Vesierberg, 0., Electrophoresis 1968. p. 47-53. 
|23] Wiumann. F. A. and Parker, D. N„ Toxicol. Lett. 1991. 37. 29-36. 
[24) Rampersaud, A., Waxman. D. J., Ryan. D. E..' Levin. W. and Walz. F. 

C.. Jr., Arch. Biochem. Biophys. 1985, 2<3. 17*-183. 
[25] Vlasuk. G. P. and Wall. F. G.. Jr..^nc/. Biochem. 1980, JOS. 1 12-120. 
[26J Anderson, N.G. and Anderson, NX., Anal. Biochem. 1978 "31^ 

340. -> : " 

[27] Anderson, N.L. and Anderson. N.G. ,A no J. Biochem. 1978, S3 341- 

354. 

[281 Anderson, L.. Hofmann, J .-P., Anderson. E., WaUer, B. and Ander- 
son. N.G. , in: Endler, A. T. and Hanash.S. (Eds.), Two- Dimensional 
Elearophoresis,VCH VerlagsgesellschaA, Weinheim 1989. pp. 288- 
297. 

[2°J Anderson, L„ Two- Dimensional Electrophoresis: Operation of the 
ISO-DaU* System. Large Scale Biology Press, Washington. DC 
1988. ISBN 0-945532-00-8, 170pp. 

[30J Neuhon',V.,Siamm,R.andEibI,H.,£;*r/rop/io«jjj 1985,6,4:7-448. 



[3 1J NeubolT, V„ Arold, N..Taube. D. and Ehrhardi, W., Electrophoresis 
198£, 9, 255-262.! - - , • " 

(32] AEderson,N\L.andHic]OTan,B.J.^ 1979, W,~3 12-320.' 

i:*3J Sidman. K. E., George. D. E., Barker, W. C. and Hunt, WT NatdL 

Acids Res. mt;U. IS69-1F71. 9" ' 
[34] Taylor, J Ande rson^. L, Coulter. E . P„ Scandora, A . E .and AndeK 7 
son.JS- G in: Radola,'B. J. (Ed.), Electrophoresis '79. dcCwyter. Bet- 
;: lie 1980, pp. 329-339. y c "' 

|35] Taylor. J^ Anderson, N. L. and Anderson. N. G in : Allen, R. C. and , 
* Areaud. P. (Eds.), Electrophoresis £7; deGniyier. Berlin 1981 pp 
383-400. 

[36] Anderson.N.Lv,Taylor.J.,Scancor£.A.E.,Coulier,B.P.and Ander- 
son. N. C'.iClin. C'hem. 1-981, 27, 1807-1820.-. 

[37] Taylor. J.. Anderson. N.L'.. Scandora. a. E.. Jr., W'liiard. K. E. and An- 
derson. N. G.. Clin. Chem. 1982. 2S. 861-866. 

|38] Taylor. J.. Anderson. N.L. and Anderson, N.G. .Electrophoresis 1983 
- , < 338-345. v ' 

' [39] - Anderson, N. L and Taylor, J., in: Proceedings of the Fourth Annual 
Conference and Exposition of the National Computer Graphics Associa* * 
tion. Chicago, June 26^30. 1983. pp. 69-76. - : ' - : ' 

" |40| Anderson. N. U Hofmann. J.-P., Gcmme!!, A. and TaWor. J :,£//«. 
Chem. 19S4. 30. 2031-2036. "... /: 

[4 1 1 Anderson, L.l'n: SchaferrNielsen. C (Ed:), Electrophoresis tS, VCH 
Verlagsgesellschaft, Weinheim 1988. pp. 313-321. 

l<2] NeidhardtvF. C. Appleby, D. A.. Sankar, P.. Huiton, M. E. and Phil- 
lips, T. A.'. Electrophoresis 1989. /£>, 1 lfr-121. 

[43] Gil. G., Goldstein, J. L., Slau'ghier. jC. A. and Brown. M.S.. J Biol 
Chem. 1986,267,3710-3716. 




figun I. Synthetic representation of the standard rat liver 2-D master pattern, rendered as a greyscale image using a videoprinter. 
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figure 6. Lower riiht (low molecular weight, basic) quadrant (#4) 0 f lhc 



rai liver map. showing spot numbers. 
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Gel YCoordinate ; fl" 
fi>u/f f . Plot of numbe'rof amino acidswsus gel /-position: with fitted 
curve used'tb predict mblecular-mass of unideniiAed proteins. 
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^ Figure 7. (a) Plot of computed isoelectric point versus gel JT-position for 
two sets of carbamylaied standard proteins (rabbit muscle CPK M and 

' human hemoglobin & chain, filled diamonds) and several other proteins 
(shaded squares), (b) The identities of the various proteins represented 
by the squares arc indicated by. the numbers in corresponding positions 
on (a); these' refer to Table 4. 
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fvurf P. Montage showing effects in the 
region of MSN :4 13. The montage shows a 
small window into one portion of the 2-D 
pattern, one row of windows for each expe- 
rimental group, and one panel for each gel 
in the experiment. The left-most pattern 
in each row is a group-specific copy of the 
master pattern followed by the patterns 
for the five individual rats in the group. 
The highlighted protein spots (filled circ- 
les) are spot 413 (on the rignt of each pan- 
el; identified as cytosolic HMC- Co A syn- 
thase) and two modified forms of it (1250 
and 933). From the top, the rows (experi- 
mental groups) arc: high cholesterol. con- 
trols, cholestyramine, lovastatin, and lova- 
statin plus cholestyramine. 
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Regulation of Rat Liver 413 



(rhrt»th* Cyioaolte HMC-CoA Synth»«, 53kcQ 
Twt Compound* in Diet - *'*" 




Chotestyrarhine (1%) 



LovutaUn (0,075%) 



LovasoatiruCholestyr 



-10.000 /, 15,000, 2c;000 
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r f igure jO. Bargraph showing the quantiu- 

-30 000 r livc e T ecis °f v »"ou$ treatments on the 
* abundance of MSN:4 13 (cytosolic HMG- 

• CoA synthase) in the gels of Fig. 9.* . 




Figure J J. Bargraphs of a series ofsix core- 
gulated spots including MSN:413. In the 
bargraphs. the abundances of the appro- 
priate spot (master spot number shown at 
the top of the pane!) in each animal are 
shown. The five five-animal groups are in 
the order (left to right): high cholesterol, 
controls, cholestyramine, lovasiatin. and 
lovasiatin plus cholestyramine. Each bar 
within a group represents one experimen. . 
ul animal liver (one 2-D geO.Note the cor- 
related expression of the 6 spots, espe- 
cially in the two far right (most strongly in- 
duced) groups. 
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Table 1. Master table of proteins in the rat liver database* 1 
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MSN 



X , Y ..CPKDl 



SOSMW 



MSN 



3 
5 

e 

n 

15 
17 
16 
19 
20 
21 
22 
23 
24 
25 



311 434 
568 263 
d2 r 426 
548 26ft 
520 
589 



845 
629 



906 . 414 
755 : 298 



649 

1204 

^332 
<787 

-313 
807 



27 1164 

28 1263 



29 
30 



743 
768 



32 1216 

-33 1145 

34 1037 

35 8C3 



36 
38 
39 
41 
42 



712 
763 
304 
1165 
664 



43 1318 

44 1S24 

46 1203 

47 1391 



48 
49 

50 
51 



309 
605 
621 
1113 



52 1620 

53 725 



54 

55 
56 



2001 
722 
678 



57 1682 

58 1091 

59 1171 

60 1400 

61 1853 

62 1886 



65 
66 



735 
1263 



67 1252 

68 779 

69 1064 



71 
72 
73 



656 
638 
1582 



74 1570 

75 1264 



76 
77 



1338 
1833 



78 1767 

79 925 



60 
81 



534 
1811 



82 1412 

83 1471 



84 

85 



1662 
1596 



86 1617 



r 4Q) 

!: 446 
434 
424 
417 
516 
524 
- 446 
605 
112 
417 
445 
555 
412 
606 
694 
470 
569 
607 
589 
362 
586 
447 
454 
587 
535 
522 
409 
177 
500 
830 
533 
302 
580 
585 
624 
508 
567 
297 
312 
407 
662 
296 
589 
545 
563 
556 
621 
564 
363 
565 
736 
696 
363 
681 
347 
563 
479 
301 



87 



88 1589 

89 1706 



516 1371 
698 



90 
91 



651 
1415 



92 1773 

93 1338 

94 1708 



719 
329 
710 
545 
446 
696 



: *35.0 
: *24.3 

; -i6.o 

! -25.2 
1 -15.3 
-21.6 
' -14.0 
* -17.5 
r -20.9 

: -e.7 

- «-35.0 
, -16.6 
<-35.0 
-16.1 
: -9.0 
-6.0 

y -17.8 

-17.2 
-8.6 
-9.5 

-14.9 
-18.7 
-17.3 
<-35.0 
-9.2 
-19.6 
-7.3 
-0.1 
-8.7 
-6.3 
<-35.0 
-22.5 
-21.8 
-10.0 
-0.9 
-18.3 
>0.0 
-18.4 
-19.6 
-2.5 
-10.3 
-9.2 
-6.2 
-0.6 
-0.4 
-18.1 
-6.0 
-6.1 
-16.8 
-10.8 
-20.6 
-21.2 
-3.6 
-3.6 
-6.0 
-7.0 
•0.6 
-1.5 
-13.6 
•26.1 
•1.0 
-6.0 
-5.0 
-2.7 
-3.4 
-0.9 
27.0 
-3.5 
-2.2 
20.6 
-6.0 
-1.4 
-7.0 
-2.2 



63,800 ' 

102^00 a 

64,800 r 

r 101 ,000 r 

: 55,200 
- 50;000 :7 
66;300^ 
: ' 90,200 ; 

67,900 ? 
r 62,100.'. 
^ * 63-800 * 
■ UJOOQ 
66-000 - 

: 5£;soo • 

v 54,900 . 
• 62.400 
46.000 
348.600 
66.000 
:* 62,500 • 
• 52.4O0* 
66,600 
46.900 
43.800 
55.800 
51,400 
46.800 
50.000 
74.600 
50.200 
62.300 
61.500 
50.100 
53.900 
55.000 
57,000 
170,600 
56,900 
37.300 
! , 54.100 
89.000 
50,600 
50,300 
47,800 
56.200 
51.500 
90.500 
85.900 
67,300 
43.900 
90,800 
50.000 
53,100 
50.400 
52.300 
48.000 
51,600 
74,400 
51.700 
41,600 
43.600 
74.500 
44.500 

77.500 

51.800 

56.900 

89,100 

17,400 
43,600 
42.500 
61.700 
43.000 
53.200 
62.300 
43.700 
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95 

96 
57 
98' 
99 
100 
101 
102 
103 
104 
105- 
106 . 
107 
108 
106 
110 
111 
113 
114 
115 
116 
117 
118 
120 
121 
122 
123 
124 
125 
126 
127 
128 
129 
130 
131 
132 
133 
134 
135 
, 136 
137 
138 
139 
140 
141 
142 
143 
144 
145 
146 
147 
148 
146 
150 
151 
152 
153 
154 
155 
156 
157 
158 
159 
160 
161 
162 
164 
166 
167 
168 
169 
170 
171 
172 
173 



^ 1119 
1 1731 
[1033 
i 1406 

-S ;578. 
2004 
1106 
f - 482 
>\665 
. 773 
31'2 
1769- 

rises. 

- 1 .692 1 
^1482 
778 
.-1728 ■ 
-1191 
1298 
682 
1146 
1548 
1050 
1530 
638 
1572 
23 
621 
1298 
672 
1000 
1226 
1422 
1776 
1930 
660 
666 
1271 
1161 
453 
1658 
1504 
I486 
1686 
311 
1366 
1429 
615 
2006 
2006 
1070 
1347 
541 
1645 
1269 
1507 
1722 
632 
1031 
1970 
1258 
1275 
1663 
1034 
1953 
1020 
1566 
1905 
1340 
1506 
1338 
1966 
800 
476 
916 



"536 
: ^756 
- V-.566 
565 

1146: 

V 538 

455 

'630 
1182. 
- 1117, 
: ' 506 
.* ; 720 
' 807: 
T593- 
516, 

>7oo; 

* 680- 
165 
907 
610 
646 
577 
828 
423 
712 
1433 
1474 
662 
921 
717 
311 
832 
469 
757 
537 
1016 
862 
1388 
1063 
623 
667 
707 
7S6 
1417 
615 
346 
1017 
566 
518 
1108 
578 
1481 
760 
236 
911 



503 
294 
684 
183 
417 
820 
527 
771 
1482 
606 
565 
181 
583 
676 
541 
378 
958 
1314 



: i -9J 

■ i -2.6? 

" : *A: 

V "•23S? 

- >o.d 

-10.1. 

- -2e;5; 
.'.•20,2 

-I7i0k 

;<-35.b f - 

; 

• -2.4; 

.: -4JB 
:16.9 . 

r ^2.0 : 

r -6.6 - 
-7/5 
-16.6 
-9.5 

-4.1 

•11.1 

•4.3 
•15 4 

-3.8 
<-35.0 
-21.8 

-7.5 

14.7 
-12.0 

-6.4 

•5.8 

-1.4 

-0.1 
-20.4 
-20.2 
-7.9 

-5:3 

•28.7 

-0:6 

-4.6 

-4.8 

-2.4 
<-35.0 

-6.7 

-5.7 
•22.1 
>0.0 
>0.0 
•10.7 

-6.8 
-25.7 

-2,8 
-7.8 
-4.5 
-2.1 
-13.5 
-11.4 
>0.0 
-6.1 
-7.8 
•2.6 
-11.4 
>0.0 
-11.6 
-3.8 
-0.2 
-7.0 
-4.6 
-7.0 

>o:o 

■16.3 
28.7 
13.7 



; 53.600 

; 40.700 

£1.600 
-51.700 
25,000 
; 53,700 
' 47.900; 
/ 61 ,300 
;37,300 
5:23.800' 
-26,100' 
>56.100; 
* 42.500 
^-38.300 ■ 
49.700 
- '55,500 , 

:43.50b 

: ;44.Sb0' . 
160.800 \ 

: 34,100 

- 48.700 
36.500 
50,800 
37,400 
65,200 
42.900 
15.30C 
13.90C 

36.ooc : 

33,5iX U 

42.6a 
ee.ia v -; 

37.30C 
57.00C . 
40.70C 

53.80C 

29.70C 

36.00C 

16.80C . . 
:28.10C 

37.70C 

43.70C 

43.20C 

40.70C 

15,800 

33.800 

77,900 ; 

29.600 

51,600 

55.300 .* 

26.500 

50,800 

13,700 

40.500 
117.000 

33.900 

62.100 

56.600 

91.400 
'A4.400 
162.400 
65.900 
37.B00 
54.600 
40,000 
13.700 
38.400 
51,700 
164.900 
50,400 
44,700 
53.500 
71.800 
32.100 
19.300 



MSN ... X 

1174 11364 
■ 175 -825 
1 177/ ?1582 
. 178 i132l 
>: "179 1089 
'? , 180 .-1866 
t "191; .411 
7 -182 



Y CPKBl SOSMW 



183 
393 

553 
710 
615 
567 
295 
730 
896 



804 

184 : /186O 
185. ;1997 : 1017 
186>-; 279 "U13 
773 296 



-187^ 



186: .1538 
191. 1560 



192 1818 

1 193 1469 

7 194 ^380 

195/ ' 784 
196- 1227 

-197 667 

196 . 2006 

199 1711 



200 
201 
202 
.203 



204 1224 

205 439 
* 206 1994 

:207 1895 

208 

< 210 1700 

'211 902 

213 1087 

\214. 1340 

215 1591 

216 1585 

217 1156 

218 931 

219 713 

220 1479 



807 
674 
687 
555 
266 
632 
1185 
553 
681 
674 
424 
435 
253 
629 
589 
983 
571 
687 
240 1418. • 



B72 
292 
736 
786 



221 
223 



499 - 

517 , 
684 
668 
495 

755 
393 . 
.572. 
177 * 
911 
927 
716 



965 
934 

225 1812 1045 

226 821 411 

227 1586 1483 

228 1065 

229 1577 

230 '1456 
232 1440 
234 1692 



235 
236 
237 



567 
890 
496 
849 
488 



238 1611 

238 1489 

240 501 

241 1820 

242 1357 

243 711 

244 1B55 

245 1189 

246 551 

247 1348 

248 460 

249 1733 

250 1974 

251 806 



618 1004 
920 1138 
952 1008 
541 



252 
253 
254 



720 
' 448 
569 
656 
1182 
621 
474 
459 
604 
448 
451 
788 
392 
553 
848 
450 
678 

994 1006 
508 464 
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810 


900 


•16.0 


34,400 


1021 


781 


484 


•16.8 


58.400 


844 


1727 


301 


•2.0 


89.200 


933 


965 


520 


-12.8 


55.100 


1022 


1129 


63 


•9.7 


591.300 


845 


630 


679 


•21.5 


44.600 


934 


947 


462 


•13.2 


60.600 


1023 


812 


317 


-15.9 


84.600 


846 


2016 


905 


>0.0 


34.200 


936 


865 


843 


•14.8 


36.800 


1024 


785 


446 


-16.7 


62.400 


647 


673 


1200 


•19.9 


23,200 


937 


1421 


1056 


•5.9 


28.400 


1025 


1290 


739 


•7.7 


41.500 



Shttrcpkonsit 1991 U W-WO. 



Daubuc of rat liver proteins 



927 



MSN 



Y CPKDl ' SCSMW 



MSN 



1C26 405 

1C27 1298 
1028*' 656 

1G30 .1264. 

1C31 866 

1032 1547 

1033 1361 

1034 1525 

1035 1128 

1036 1226 
1036 1761 
1040 541 
1CW1 616 

1044 1036 

1045 1439 
1047 1540 ■ 
1046; 1*76. 
1W8- 1069 



S&2 



-323 
548, - jr 7.5 



£2.600 
36,500 

tiooo 



,226 
622 
403 
551 
496 
645 
274 
262 
639 
910 
465 
407 
250 
635 
411 



1050 ,949 1040 
1051 1 , \426 618 
1052' 1563 1365 
1053:. 779 1092 

1054 1613 ♦620 1 

1055 1360 377 ? 

1056 264 663 
1056 1261 746 

1060 363 ,605 

1061 1617 645 

1062 1245 746 

1064 1 256 792' 

1065 ' 70S 634 

1066 1161 .734 ; 

1067 529 656 
1066 . 506 696 
1069 1696 604 ■ 
1C71 673 609 
1C73 1766 1128 

1075 636 773 
1C76 1663 " 661 

1076 626^ 566 
1061 S71 463 
1063 1697 202 
1065 1157 794 
1090 620 910 

1092 1667 567 

1093 2019 694 

1094 1546 538 

1095 1545 477 

1096 61 935 
1099 1954 237 

1101 568 1046 

1102 1050 667 

1103 457 797 

1105 1664 532 

1106 1714 649 

1107 1717 546 
1106 1976 722 

1111 547 1066 

1112 1348 621 

1115 1385 762 

1116 1076 816 

1117 975 787 

1118 1202 933 

1119 1022 1076 

1120 1905 616 

1121 1512 1301 

1122 1114 677 

1123 1464 452 

1125 1046 657 

1126 1122 602 
1126 1722 692 
1133 1098 625 • 
1139 1630 566 
1147 764 1162 - 
1146 1966 724 



. -7.7 ..122.200 

-12.3 37.700 

-4.1 67,900 

-6.4 52.700 

•4.3 £7.200 

-8.7 46,500 

-8.5 96.300 

-1.6 ICS .600 

-25.7 36.900 

•15.8 34,000 

-11.3 56,300. 

-5.5 67.300 

-4.2 10S.200 

-3.7 47.100 
-10,4 J : ,66.700 

-13.2 26,900 

-31:1 ; 37.800' 

-3.6 16,900 

'-16:8 *7;000 

' 46,000 

-6.5 72.000 

<-35.0 46.500 

* -8.0 41.200 

33.3 46.000 

0.9 . 46,600 

■6.2 41.200 

-6.1 39.000 

-18.9 33,000 

-9.0 41. ex 

-26.3 . 4E.600 

t27.4 43,700 

. -0.3 49.100 

-14.7 46,700 

-1.5 26,600 
-15.4 , 36,900 

-0.6 36,000 

-15.7 51.600 

-12.7 56,500 

-2.3 142,300 

-9.4 36,900 

-21.9 34,000 

-0.5 4S.500 

>0.0 34,600 

-4.1 53,700 

-4.1 56,100 

<-35.0 33.000 

>0.0 116.000 

•23.3 28,600 

-11.1 45.200 

-29.5 36.800 

-0.4 54,200 

-2.1 46,300 

-2.1 53.100 

>0.0 42.400 

-25.3 28,000 

-6.8 46.000 

4.4 40,400 

-10.6 36.000 

-12.6 39,300 

-6.7 33,100 

-11.6 27.600 

-02 46,300 

-4.5 19.700 

-9.9 44.700 

-5.1 61.700 

-11-1 36,200 

-9.8 38.600 

•2.1 34.700 

•10.2 37,500 

-0.8 51.400 

17.3 23.600 

>0.0 42.300 
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1153 821 

1154 1594 

1161 637 

1162 623 

1163 665 
1166 564 
1170 552 



1158 
664 
400 

397 
397 
£28 
529 



1171 ,538 i 524 

1172 545 - £14 ' 
1174 * 1096 : 522 

1176 1304 £66 

1177 1366 539 

1178 1606 702 

1179 rW65 ,' .224 

1180 1459 224 
, 1181 '1431 223 
■1182 . 1407 223 

1163 1363 224 

1164 1454 , U2 

1165 1422 163 
1186 1394 U2 

..1186 1171 214 

1190 1457 286 

1191 666 1114 
HS2 265 663 

1193 - 403 12S2 

1194 344 1X75 

1195 505 M311 

1196 572 12S3 

1197 639 1502 

1198 637 1402 

1199 614 1407 

1200 637 1431 

1201 10S5 13ft4 

1202 1719 1545 

1203 791 666 

1204 964 1021 



1205 . 313 

1206 306 

1209 320 

1210 , 326 

1211 394 

1212 402 
^214 386 

1215 641 

1216 660 

1217 '914 

1218 873 

1219 970 

1220 1021 

1221 1392 

1222 1354 

1223 1362 

1224 673 

1225 614 

1226 603 

1227 696 

1228 707 

1229 475 

1230 466 



-13.7 24,700 
-3.5 35.900 
•21.3 66.400 
-21.5 ■ 66,800 
•202 66,700 
-24.4 54.500 
•25.0 54.500 
• ;r25.9: r '.54.800.' ' 

•25.5 56,700 
L *10:2 ! 55,000 
-7.5 5C.200 
■6.6 53,700 
•3.3 43,400 

•<e 124.900 

■5.2 124,900 
-5.7. , 125.100 

■ 125.200, 

■64 1 24,700 

•5.3 164.400 

-5-8 162.600 

-6.3 1 64.300 

-E.2 131.600 
-52 94.200 
-19.5 26.200 
<-35.0 34,700 
-32!6 20.000. / 
<;35.0 \ ' 2C»;600 ' 
•27.6 19.400 

•24.1 20,000 

•21.2 13.000 

-21.3 16.300 

•22.1 16.200 

•21.3 15.400 

•10.3 16.600 

-2.1 11.600 

•16.5 45.200 
12.9 . 29,700 



1231 759 1461 

1232 1324 1170 

1233 1563 1005 

1234 1865 609 

1235 1812 817 

1236 1411 703 

1237 1382 662 

1238 794 410 
1230 769 407 

1240 740 406 

1241 743 511 
1242. ,713 510 

1243 682 509 

1244 663 504 

1245 565 562 



■195 <-35.0 146.700 

194 <-3£.o 149.800 

197 «-3S.0 147.400 

197 «-35.0 t . . 146.600 

294 -33.2^ 9V400 

294 -32.7 . 91.200 

294 ', r 33*7. 91.400 

329 -21.2 ei.600 

,329 -20.4 61,600 

265 -13.B 101.800 

245 -14.7 112,000 

372 -12.7 72.900 

298 -11.6 90.100 

205 -6.3 13S.500 

203 -6.8 141.800 

205 -6.7 13S.500 

540 -19.9 53,600 

542 -22.1 53.400 

539 -22.6 53.600 

623 -19.2 47.800 

628 -1B.9 47.500 

^7 -2B.7 62.300 

1282 -29.0 20.400 



-17.4 14.400 

-7.2 24.200 

•3.6 30.300 

•0.6 36.200 

-1.0 37.900 

•6.0 43.400 

-6.3 44.500 

-16.4 66.900 

-17.1 67.300 

-17.9 67,500 

•17.8 55.900 

-18.7 56,000 

-19.6 56.100 

-20.3 56,500 

-24.4 50.500 
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* - ' '' i'j «" **SP #GLU' #HIS HYS «A& NH2- Cafe ' : Real ' " ' 5 ; '' 

. iProteTName Kame 33 0 60 1M ^ ~ « Real 



,-0,,. .. Rabbit muscle CPK,. KIRBCM 28 27 
Vfr' 2B 27- 



•1. 6.84"! 0.0 
i" 6.67" -1 

: 1" '€.54-' v - : -2 

"1' ' 6.42 ^ 

T -6.31 -4 

i « ? i/ 29 .18 v. iS -; 

■* 28 -27 " — -- 



-2 •28 -27 

-3 -28 :27 

■4 28 27. 

" 5 :28 ;27 



.7 — . ■ 1/ ■ zb 18 : 1 ■ 6.12; .:r+< 

-10 S ; S : 7 £ : 18 1 5.85, • ,- ,9 :. 

-11 g % 7 * . 1 8= 1 5.76.. -10. 

-12 2 % 7 2 18 1 567 - 11 

-is a » 7 18 1 558 - 12 

-14 ?! £! 17 21 18 1 5.48 -13 

•is 2 » 7 2 18 1 -1 5 

z^-r I I .1 m^. 

t .. ■■. ,. | I . :: » •:;;!' 

-23 ' * 17 12 18 , 4>77 . .§J 

-S |J g ]I » 18 -V 4.71, - -g 



-25 28 27 7 o ! 1 4 66 : ' ** 

-26 ■ T . ?J £ I' ? 18 1 . 4:61: .25 



-27 . .; = ; ■ 18 i - «* -26 

.28 5 27 17 7 18 1 4.52 -27' 

-30 i £ 7 f .8 1 4.44.. .» 

-31 28 £ 7 ^ 18 1 440 - 30 

-32 -2 g 7 3 |! 1 06 -31 

-33 i I? « ? 8 1 432 "32 

-34 2 V> V, 1 • 18 '.^ -33 

-35 g g I 1 ^.25 -34 
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12 7 ! f 0 3 1 4.71 -25.5 

7 8 9 0 a o 4.54 -27.2 
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28 27 17 I « . ""I -5 -. ' • ; ' •-*• 



0 Hb-beta. human HBHU 7 8 9 n "1 7 777 1 

-1 ' 7 X : f 0 1 7.18 , ; 

.2 7 ! « 10. 3. 1 6.79 

-3 7 I I I 3 1 «■» -'-8 

-4 7 « ! 5 3 1 ^ -3-2 

-5 7 ! ! 7 3 1 8-13 -5.3 

4 7 ! ! 6 3 1 5.96 -7.2 

.7 L I I 5 3 1 5.78 -1010 

-8 .- 7 f ! 4 3 1 5 59 "I" 

1 I J 8 3 3 1 5.37 -15.5 

-10 7 J » 2 3 , 5.14 -18.0 
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Teble 4. Computed pfs of somcknown pro le ins related to me«sured CPK p/> 



> ^ f Frctein Name 



FIR * ASF'JGtU #HIS #LYS. * ARG 
Name' ' 3.9 ~ 4.1 6.0 1C J -12 J 



'Calc R«ii 
p| ^ CPK 



0 Creatine phospho kinase (CPK). rabbit muscle 

Jv.m. \ Fatty aad-rbinding, protein, rat hepatic v t\.y. 

2 L ; t2^nicroglcbulini human ; - < ^ ; 

3...J ; <. CsrfcamoyJ-phcsphate synthase,:rat 

4 - * / prealbumin Jserum albumin-precursor), rat .> 

5 ; Serum aJbumin, rat - . - .■ 

6 . .Supercxid dismutase (Cu-Zn l ;SOD).-ral>. 

7 - ! ; rPhcspholipese C,;phophoinositide-specific {?), rat 
6 . Albumin.jhumans- ;.. r: ; v 

9 : . : --Apo;A-i lipoprotein. '.rat f ; : . v < \ 

10 ' proApojA-l lipoprotein., human.. ■■'*.;':'; 

11 ' .NADPH cytochrome P-450 reductase, rat > • . r 

12. t ... Retinol binding protein/human . \ : . 

13 : Aain -beta, rat ^ ' 

14 - Actin gamma, rat r ;; , 

15 -Apq A-l lipoprotein, human [" ' 

16 Apo.A-IV lipoprotein, human - ■ . — 
17. \ Tubulinalpha. rat . 

16 ' FiATfase beta, bovine 

19 . Tubulin beta, pig - 

20 Protein disulphide isomerase (PDI), rat hjgpatic 

21 Cytochrome b5, rat 

22 ... Apo C-ll lipoprotein, human 

t Amino acid pi assumed in calulation: . * 
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The sensrt.vrt.es of immunoassays relying on conventional radioisotopic labels lie 
radioimmunoassay (RIA) and immunoradiometric assay (IRMA)) permit the miasm emeh of' 
analyte concentrations above ca.10' mo.eco.es/ml. This limha ion primaril^er"^ i the 
case of 'competmve or 'limited reagent' assays, from the 'manipulation er ors ^ Wno in Ee 
system combined wrth the physicochemical characteristics of the particu ar ant bod? used 
however. ,n the case of 'noncompetitive' systems, the specific activity of the .abel may pTe^a 
WITS?* COn f'r 8in i n 8 ro,e - » is theoretically demonstrable that the develop mem of 
assay techniques y,eld,ng detection limits significantly lower than 10' molecules/ml depends 

(1) the adoption of 'non-compethive' assays designs; - , 

S £*kT£ W hi » h " »«ivitv than radioWtope,;.. ' ' 

involved * d,SCr!min8tl ? n between th« P'oducts of the immunological reactions 

Chemiluminescent and fluorescent substances are capable of yielding higher specific activities 
than commonly used radioisotopes when used as direct reagent labels in this content aTdCZ 
thus prov.de a basis for the development of ultra-sensHivl. non Jmpe« tl v ^££2 
methodolog.es. Enzymes catalysing chemiluminescent reactions or yielding Zorescem 
reect.on products can likewise be used as labels yielding high effective ££?JSS!Z an^ 
hence enhanced assay sensitivities. aci.vn.es ana 

A particular advantage of fluorescent labels (albeit one not necessarily confined to them) lies 
.n the poss.b.lrty they offer of revealing immunological reactions located I ? 'm croToo^ 
d,st„buted on an inert solid support. This opens the way to the deveiopment of an eXZew 
generat.cn of amb.ent analyte' microspot immunoassays permitting the 
measurement of tens or even hundreds of different analytes in the same small sample using 
(for example) laser scanning techniques. Early experience suggests that microspot assays wJh 
sensmvrt.es surpass.ng that of isotopically based methodologies can readily be developed 

mSopy UIU8Sensitive '""""noassay; fluorescent microspot immunoassay; confocal 
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INTRODUCTION 

Immunoassay methods relying on radioisotopic 
Icbels have p layed a major role in: medicine and 
other b,ologicalIy related fields (agricuhure 
veterinary science, the food and pharrf.aceuti ,' 
mdustnes, etc.) during the past two decades 
Then- importance has derived from the exploita' 
non both of the 'structural specificity' characte £ 
ing antibody-antigen reactions and the 'detecta- 
bihry of isotopically-Jabelled reagents, the latter 
permmmg observation of the binding reasons 
between exceed.ngly small concentrations o the 

lZur^ a Tr o]v t combina,ion 

I .endowed radioimmunoassay 
methods with unique specificity and sensitivity^ 
characteristics, and accounts for their ubiqu ous 
use throughout modern medicine and biology 
However ,-.n the past few years, interest has 
mcreasingly focused on so-called 'alternative* 
non-radioisotopic, immunoassay methods- «uch 
techniques are based on essentially idenficll 

to labe the pamcular immunoreactant (anfiboSy 
or analyte) whose distribution between bound 
and free moieties (following the basic analytical 
reaction) constitutes the assay 'response' The 

fo e ur°he S a^ ,S ^ ™* * W 
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fundamental reason for their replacement s t, mt 
paradoxically from lhe cunoS!^^. 
develop microanalytical techniquS .which ^a£< 
supenor to them ; in t this pa S i£u , ar 
Rad, OI sotop,c methods are, in practice, limitS? 0 

bouTlo" r ^ Cn \° f T I>le COnCentrations a Sve 
about 10 -10 v mqlecules/ml (i.e.: apDrox 0J5-l I' 

fields (e g, virolpgy. tumour detection) there.is a 
particular need tq.detecuor measure molecuL?- 

Sine - ^ thiS -me faaoS which , 
f ™"»»noassay sensitivity have been 

r 9 84 Ek/ns lQRM n M ^ l™'' Dakubu « 



Enwoninenta ; logistic; economic; practical- 
• ny and convenience, etc. (i.e. 'non-scientific 
™ e " ta,nm ? n « <>f higher sensitivity h 

Si deve,0 P men, of 'immunosensors' and 
immunoprobes 

(4) s?sfem d s eVe,OPmem ° f ,muhiLan ^yte' assay 

Our own reasons for develonino ™« ■ 
techniques fall principally untr'h/ad n^S 
(4), and this presentation will centre priSari y ™n 
the concepts wh ch underlie our i™™ y 
development strategy in these areas n ° aSSay 



THE ATTAINMENT OF 'ULTRA-Hlfiw 
IMMUNOASSAY SENSrTIVrrY 

Though, as indicated above, the Semitic* * 
radioisotopically based immunoassa^'Sodl 

o thT^H tCd °"f ° f ,he P rinci P aJ foundation 
of their widespread use over the past 25 years a 



The concept of sensitivity ' ' 

One major source of past confusion has been 
1 ^.f^ent regarding the concept of 'sensitiv- 

see also Ekinsero/., 1970b Tail 1Q7m i, • ' 
widely agreed that the^o ' h Ta^ 
errotS° n Th e greater sensiti^" 

revealed hv^ 6 T*-^ of ,his ^lief is clearly ' 
re xealed by the fact that the relative magnitudes 

,ower ,,m,t of detection (Fie. Kb)) anH th.c 

a-eTd'eVT emb ? died * a " toZXX 

agreed definitions of the term An • y 

identical definition is as the' precision (f^ 
standard delation) of measurement of zero dose' 
since this quantity determines the leasf Juantitv 
d.st,ngu,shable from zero and hence he assaJ 
detection limit. The sensitivity of an assay Js S 
represented by the zero-dose intercepTof Jhe 

express^ Ttf {F f m) ^ lhe ,a '* ' 
expressed in terms of standard deviation nth. 

s on 0 Ihe 0e mo Ciem ° f Varia,i °" fffSK 
short, the more sensit.ve of two assays is the one 

yieldmg greater precision of the zero dose 
estimate (Fig. 2(b)). 00se 



I r..-- 
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F/E plot 



B/F plot ° 




r 3 : 




a. 



b. 



"■■I-. .-v 



'.:}, 



Figure I.Ja) Diagrammatic representation of conventional RIAdcse-response curves for svstems .i«inn hinh J.i «^ i~ 
antibody concentrations plotted in terms of free*ound <F/B) and bound/free ^T^JSJ^Sn^^ a W 
amount of antibody y.etds a dose-response curve of. greater 'slope in the F/B plot; but of lower slope Mn the I* niot T?« 
impossible to decide, on the basis of the data shown in.this figure, which concentration of an S yields he assav s?Sem of 
STJSSSLm^ Se 1T Xy i ^ *?J Y iS e£Semi8lly re P fe «"'^ by the' minimum 2 dos< * e the SDoTtlS 
curve .iope at zero oose (i.e. ((bD tre5ponse) ) x dD/dfl) 0 ). This quantity l£ unaffected by,the choice of the coordinate frame ..cTh t« 

? Sno 2 i^m^' 1 S " ""^ T ° ^'^ ,SD — an arbitrary f actor to in^ 

ettcchmg to the minimum detectable dose estimate, though.. since no agreement exists regarding the value of this factor InTJ 

unnecessary step merely adds to confusion when the relative sensitivities of two assay procedure f are comSeJ ) 



'Competitive' and 'non-competitive' ('limited 
reagent' arid 'excess reagent') assays 

A second important misconception in this area is 
the notion that immunoassays relying on the use 
of labelled antibodies (e.g. imiriunOradiometric 
assays, IRMA) art ipso facto more sensitive than 



those which rely on the use of labelled 'analyte' 
(e.g. radioimmunoassays, R1A); furthermore the 
grounds originally advanced for the claimed 
superiority of labelled antibody methods (Miles 
and Hales, 1968) were partially based on false 
concepts of sensitivity, and thus-failed to identify 
the true reasons why certain assay designs are 




Dose D 

(a) 




100 




(b) 



100 



Figure 2. (a) The precision profile of an assay portrays the error in the dose measurement as a function of dose The error 
may be represented, mteraha. by the absolute error (AD; e.g. SD of D) or the relative error (AD/D- e g CVof D) lAol tli 
error in the measurement of zero dose, represents the sensitivity of the assay. The working range may be defined as t^noS 
of dose values wrthm which AD/D is ess than an 'acceptable" value set by the investigator, (b) The more seSfofThe rvS 

^^ST"" 6 A ° aX ' S 3t ' ,0W6r V3,Ue - H ° WeVer - aSS3Y " iS m ° re precise at hi ° her values o7rse.td r^ 
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potentially capable of yielding far higher sensitiv- 
ity than others. This issue likewise merits 
clarification. ■ . J : : •"•-*•• : : - 

• The purely pragmatic sub^classification of 
immunoassays into labelled antibody and labelled 
analyte methods 'diverts attention from a more 
fundamental divide in immunoassay methodolo- 
gy, which relates to the optimarcbncentration : of 
antibody required in an assaysystem to maximize 
its sensitivity. In certain assay designs (which may 
be termed 'limited reagent ' of 'competitive') the 
optimal concentration tends to zero; conversely ih 
others (which may be termed 'excess reagent' ' or 
non-competitive') the concentration tends to 
infinity. It should be particularly emphasized that 
the optimal antibody concentration is essentially 
governed, not only by the physicochemical charac- 
teristics of the antibody-analyte binding reaction 
but also bythe errors incurred in measurement of 
the assay response. Were an assay system to be 
totally error-free; no antibody concentration 
would be optimal, and the distinction between 
competitive and non-competitive methodologies 
would thus not arise. s 

Though it is inappropriate in this presentation 
to discuss in detail the statistical and phvsico- 
chemical theory underlying this fundamental 

al., 968, 1970a; Jackson et aL, 1983), the reason 
for it can perhaps be more readily understood if 
the basic principles of immunoassay are portrayed 
in a somewhat different way from that in which 
they are usually presented. All immunoassays 
essentially depend - upon measurement of the 
fractional occupancy' by analyte of antibody 
binding sites following reaction of analyte with 
antibody (see Fig. 3(a)). Those techniques which 
implicitly rely on measurement of residual 
unoccupied, binding sites optimally necessitate 
the use of concentrations of antibody tending to 
zero and may be termed 'competitive', converse- 
ly those in which occupied sites are directly 
measured necessitate use of high antibody con- 

m. iS? -fV ar \ termed 'non-competitive' 
(Fig. 3(b)). This emphasizes that the differences 
m assay design characterizing so-called competi- 
live and non-competitive methods are essentially 
unrelated to which component (if any) of the 
reaction system is labelled. Indeed immunoassays 
m wh 1C h no label of any kind is involved can on 
identical grounds, be subdivided into those of 
limited reagent' (or 'competitive') and 'excess 
reagent' (or 'non-competititve') design. Thus the 
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distinction between these two forms -of im 
munoassay simply reflects differences hi the w 

" W« ? * at U ,s S enera % undesirable-for - 
reasons of, accuracy-to measures small quant hy 
by est.matingjhe difference between two large 
fluammes, When an immunoassay relies bn the 
S Su t r h em -f m , 0f u "0Pcup1ed. antibc^y "bL ^ i 
sues, the total amount of antibody, used "in hf ' 

25? m r^ be Sma " tb ^nimiz/error Tn he- 
resulting (indirect), estimate of occupied 

Measurement ol occupied sites ' '' 



< 
< 

k . 

Two-site tabeitee antibooy essay 



AV . , A . Measure . . 

f ' occupiea sites 

y : 

Single-,,,, <ao#4#o- »m/oooy UMr 



"NON-COMPETITIVE IMMUNOASSAY" 

Ac-+~ ,toi m« nma I sensitivity 

Measurement ol unoecupiea tiles 



Separate 



COMPETITIVE IMMUNOASSAY" 



y" "i 

V * 1 Measure 

I unoccupied sites 

Singte-site tabeliect antiboey assay 



A *> -*> 0 tor manmai sensitivity 



0* LabelleO antigen 

Labelled anii-id.otyp.c antibody 



^ Labelled antibody 
+ Analyte 



the (labelled) antibody are meTsured hl I P ' ed S ' tCS of 
(below right) when unocclpll sites ar 'T?*"™' 
antigen (below left) or S are m J easure d. Labelled 

methods \LZ* centre ) rLt " „ am, -' dl0 'VPic antibody 
unoccupied by an"y\ e $ a °" S U,emen, of site * 
•competitive- design ' ere,0re ' nv a»ably. of 
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'Competitive immunoassay 

10- 



■I: 8 



•!• 6 

' c ' 

I 4 



2- 




'Non-conip^tifive* immunoassay : 

10H 



bel 



10 



12 

log K 



14 
Ab 




Figure 4. Curves. showing -the theoretically predicted relationship between antibody affinity and the sensitivities achievable 
using competitive and *non-competittve' assay strategies. The 'potential' sensitivity curves assume the use of infinite specific 
activity labels; the sensitivities achievable using 1 — Mabelled antigen or antibody are also. shown.- Shaded areas indicate the 
sensitivity loss cue to errors in measurement of the label. Curves relating to 'competitive' assays assume a 1% error in 
measurement of the response variable arising from experimental* errors (i.e. errors other than those inherent in label 
measurement perse). Non-competit.ve curves assume non-specific binding' of labelled antibody of 0.01% and 1% {lower and 
upper curves) respectively. Arrows .nd.cate sensitivit.es claimed for typical noncompetitive immunoassay methodolooies 



Conversely, when occupied sites are measured 
directly, this particular constraint does not arise; 
indeed, considerable advantage often derives 
from using relatively large amounts of antibody in 
the system. 



Sensitivity of 'competitive' and 
'non-competitive' immunoassays 

Competitive and non-competitive immunoassays 
differ significantly in many of their performance 
characteristics in consequence of the differences 
in optimal antibody concentration on which they 
rely. Most particularly they differ in their 
potential sensitivities. Figure 4. portrays the 
sensitivities predicted theoretically as a function 
Of antibody binding affinity, making realistic 
assumptions regarding the experimental errors 
incurred in reagent manipulation, 'non-specific' 
binding of labelled antibody, etc., and assuming 
the use of optimal reagent concentrations (Ekins, 
1985). Amongst other concepts illustrated in the 
figure is the much greater assay sensitivity 
potentially attainable (using an antibody of given 
affinity) by adoption of a non-competitive 
approach. In short, whereas the maximal sensitiv- 



ity realistically achievable using a competitive 
design is in the order of 10 7 molecules/ml (using 
antibody of the highest affinity found in practice), 
a non-competitive method is capable of yielding 
sensitivities some orders of magnitude greater 
than this. However, Fig. 4 also demonstrates that, 
assuming the use of high affinity antibodies (i.e. 
-10 u -10 12 1/m), maximal sensitivities yielded by 
isotopically based techniques (whether relying on 
labelled antibody (IRMA) or labelled analyte 
(R1A), or whether of competitive or non- 
competitive design) are closely comparable, i.e. 
of the order of 10 7 -10 8 molecules/ml. 

This limitation is a manifestation of the fact 
that, in the case of the non-competitive methods, 
an important constraint on assay sensitivity is 
(under certain circumstances) the 'specific activ- 
ity' of the label used. On the other hand, 
limitation of assay sensitivity due to the low 
specific activity of radioisotopic labels does not 
often arise, in practice, in the case of competitive 
assays, whose sensitivity is generally restricted by 
other factors (Ekins, 1985). The fundamental 
significance of this conclusion is that, only by the 
use of labels possessing specific activities higher 
than those of the commonly used radioisotopes in 
assays of non-competitive design, can current 
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assay ^ £ua„y have no ij^n e^cf ^ 
. ensnmtyr (assuming -experimental errors to" 
^ ,n ™gent manipulation of ,he magn^e 
generally ..encountered in practice)., k ... 

Hi9h specific activity non-isotopic labels 

^nJrf™ 'l PedfiC ac,ivit y' is conventionally . 
-ppl»ed, .,„ the case of radioisotopic labels to 
denote the number of radioactive disintegTations 

abelledcompound. In the present context -use of 
the term JS widened to signify 'detectable events' 
per unit time per unit weight of labelled material 
Thus it can be used to indicate the rate of photon 

lXr°or ' y H 3 C - em,, r ineSCent or fluo ^ nt 
label, or the rate of conversion of substrate 

a detectable product. The importance of tlJ 
concept derives from the fJct Zx 'sU^ 
measurement error' (i.e. error in tJ L g 
ment of the labels A) is !ZiCo%T^Zln 
limnmg assay sensitivity, and may-when o°her 
sens.tn.ty-constraining . factors are. reducedl 
become dommant. Furthermore, when ex^endine 

their present limits, the numbers of molecules 
involved are low, and statistical errors incurred in 
counting individual 'detectable evems' a7d \ t£ 
t»me required to count them ma assum, f 
particular imponance. y SSUme a 

Table ] compares the specific aciiviiiee «f 
potentially useful labels with that of 1 AH are 
of relevance in the context of this volume since 
chemiluminescent and fluorescent labels LnS 
used to label antibodies (or ant g ns ) directlv 
alternatively, enzyme labels catalog r f aions' 
voiding chemiluminescent signals or Lore cen 
products can be utilized. ""orescent 
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Table 1. Relative specific »r-».w "Z 
•atopic end non-isctoSbe? 32?* 01 . V . arious 
the specific activity of P ?43£ffiL^f 1 ^' 
not, in practice, significant lv |2 li ret * er ?* d <«« 
competitive essays (see ftT T sensltfv *V <* 

activity of 'H ma jUvere^res^ £f 
of competitive assays eT o^Trl^^ 
which rely on the U L «♦ ^- :? ^°' d normones 
tope 86 0f th,s Particular radioiso' 

Specific Activities 



»H: 



Enrymes: 



Chemiluminescent 
■labels 

Fluorescent labels: 



1 ^detectable event/sec/7,5 x io« 
labelled molecules. 

■Ik^?!? 81 " 6 ev6f M/sec/5.6 x to 8 
labelled molecules. 
; .^rmine<J by enryme 'amplifier 
.on factor' and detectability of 
reaction product. ' 
^J^^ble event/labelled mole- 

m£ y c U f e eteCt8b,e ^M-IW 



The importance of background in 
non-competitive immunoassays 

A second important factor governing the sensitiv- 
ity of non-competitive labelled-antibody im- 
munoassays .s the 'background' or 'blank' signal 
emmed ,n the absence of analyte, since errTjn 
the measurement of this signal is clearly a major 
determinant of the error in measurement of zero 



dose Amongst contributors to the back'er«„nrf 

' anL c ? 1 SlgnaI « enera t°rs (such a^Tn 
a m^H - ,m ™ n oassays, stolid 'capture- 
a^t body supports or, in the case of radioisotopic 
methods, cosmic ray and other Mtr 5n . n „ T 

or sucn antibody bound to analvte- however i, 
may a | so increase , hc non-specff rX bo ' J 

r s e'V° a , |re w a,£r . Pr0 ?° r ' i0 " a '«'™ '"Ste 
2 c , a ne u ' reduction tn sensitivity. This effect 

contntTat'icn °d "T™* " ™S5y 

i " r , , ,n Thu 8 o h f <rcproduced 

^erlies the relationst^n^S ^ 
/picted in' V "* ' abe " ed 
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AntibodyLAffinity 




Labelled Antibody Concentration 

(moles/liter) " r 



Figure 5. Assay sensitivity (represented by the standard 
deviation of the. zero dose measurement. o 0 ). plotted as a 
function of the concentration of labelled antibody (of affinity- 
lO'M/M) used in the assay, essumino different level* of 
non-specific binding of labelled antibody "(Note: an'irreducible* 
instrument background has been assumed in the computa- 
tions represented; this limits the ultimate sensitivity attain- 
able, regardless of the concentration of antibody used ) 



lower concentration is required to yield the same 
level of analyte binding, albeit with reduced 
non-specific binding, thus increasing assay sensi- 
tivity 

In summary, the high sensitivity of non- 
competitive labelled antibody methods derives 
essentially from their permitted use of optimal 
concentrations of antibody which (provided non- 
specific binding of labelled antibody is low) 
are generally considerably greater than in com- 
petitive methods, not from the fact that the 
antibody is labelled. Labelled antibody methods 
generally fall in sensitivity as the concentration of 
antibody is reduced towards zero, ultimately 
yielding a sensitivity theoretically identical to tha't 
of competitive methods (Rodbard and Weiss, 
1973). (Paradoxically, early exponents of labelled 
antibody methods, whilst claiming them to be of 
higher sensitivity, also concluded that their 
sensitivity was increased by reduction in the 
amount of labelled antibody used (Woodhead ei 
al., 1971). This incorrect conclusion— based on 
observation of effects on the slope of the 
dose-response curve— exemplifies the many falla- 
cies encountered in the immunoassay field stem- 
ming from confusion regarding the concept of 
sensitivity discussed above.) Finally it should be 



emphasized that maximization of the sensitivity of 
a non-competitive immunoassay generally implies 
the selection of reagent concentrations and other 
experimental conditions such that the [analvte 
signal/background] ratio (i.e. s/b) is maximized. 
However, this simple relationship disregards 

^ statistical considerations which arise when the 
numbers of detectable events are very low, and- a 
vmore appropriate objective may, under' these 

; circumstances, be maximization of the ratio s 2 /b 
(Loevinger and Berman, 1951). 



Other performance characteristics of 
competitive and non-competitive 
immunoassays 

Non-competitive designs also display a number of 
other advantages deriving from the relatively high 
antibody concentrations on which they generally 
rely. These include increased reaction speeds 
(and hence shorter incubation times), decreased 
vulnerability to certain environmental effects 
(which cause variations in binding affinity be- 
tween antibody and analyte), reduced sensitivity- 
dependence on high antibody binding affinity. 

Nevertheless a price has to be paid for these 
benefits; this includes the greater' tendency of a 
large amount of antibody to bind molecules 
differing from, but with structural resemblance 
to, the analyte itself, implying a loss of assay 
specificity. This effect generally necessitates the 
use ; whenever possible, of an 'immunoextraction* 
procedure using a second 'capture* antibody 
(usually directed against a different binding site, 
or Epitope') as shown in Fig. 3(b). This 
technique— the 'sandwich' or 4 two-site* im- 
munoassay (Wide, 1971)— thus potentially com- 
bines the twin virtues of ultra-high sensitivity and 
specificity (together with short reaction time), 
features of crucial importance in many diagnostic 
situations (for example, in the detection of AIDS 
viral antigens). (Note, however, that the loss of 
specificity inherent in non-competitive assay 
designs implies that they are less readily applic- 
able to the measurement of analytes of small 
molecular size, which cannot be simultaneously 
bound by two different antibodies directed 
against different antigenic sites on the molecule. 
Such analytes are generally more appropriately 
measured using 'competitive' assay methods.) 
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Development of ultra-sensitive 
immunoassay methodologies 

The perception that the development of •'ultra- 
sensitive immunoassay systems , (iie. • sterns 
surpassing conventional RIA methods^ sen^itiv^' 
«y) depends on (a) reliance on 'excess reaeenV 'or 
non-competitive' assay designs; (b) the use of - 
non-isotopic labels displayingr higher specific' 
activities than commonly used radioisotope^- (c) 
the development of efficient separation svstems - 
(ensuring minimization of non-specific antibody 
binding, and hence of signal 'backgrounds') and 
(d) dual or multi-antibody analyte-recoenition 
systems (exemplified by 'sandwich' or two-site 
assays) to maintain/increase assay specificitv has 
formed the basis of our own < laboratory's' im- 
munoassay development since the early to mid- 
19/0s (Ekins, 1978). This led us, inter alia to an 
immediate recognition (Ekins, 1979, 1980)'of the 
importance of the in vitro techniques of mono- 
clonal antibody production pioneered bv Kohler 
and Milstein (1975), which are currently the 
subject of bitter patent disputes in the 'USA 
(Ezzell, 2986, 1987 a! b), and which may be 
expected in Europe. - ' 

Meanwhile, of the candidate labels for use in 
this context, both chemiluminescent and fluores- 
cent labels offer many attractions. The develop- 
ment of stable, highly chemiluminescent acridi- 
murn esters by McCapra and his colleagues 
(McCapra et */., 1977) has subsequently been 
exploded by Weeks et a! (1983. 1984) and more 
recently, by several commercial kit manufactur- 
ers; other workers have used more conventional 
chemiluminescent compounds to label immuno- 

1984' \tl¥T (SCe ,' f ° r , CXamp,e ' Kohen « 
1984 1985; Barnard etal., 1985). Yet others have 

rehed on enzyme labels to catalyse chemilumi- 
nogcmc (Whitehead etal., 1983) and flEorogeni 
(Shalev « -,/., 1980) reactions as indicated abo™ 
Detailed description of these various methodolo- 
g.es ,s presented by others in this volume and 
need not be duplicated here. 

Common to all the 'ultra-sensitive' immuno- 
assay methodologies relying on such alternative 
abe Is is their dependence on a non-competitive 
labelled antibody, assay strategy whenever 
appropriate; however, for the reasons indicated 
above, competitive methods continue to be 
generally employed for the measurement of 
analytes of small molecular size (e.g. therapeutic 
drugs, stero.d and thyroid hormones etc) 
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Nevertheless, the convenience (from a manufac- 
tunng viewpoint, and for other technical reasons) 
-of. relvmg on standard labelling procedures has 
; ™*nt that, even in these cases, labelled antibody 
te^chniques are increasingly preferred. Though the 
commercial kits based on these various labels 
oitfer to.a minor extent in sensitivity, specificitv 
convenience, etc.,. ; such differences are at least' 
partially attributable, to differences in the phvs 
cocher^^cal characteristics of the antibodTesused 
,n : ^ A ! , 3nd 1° ° lher 'immunological' factors 
la™:' lh£ Panicu,ar nfture of'the 

^^^ c ^^^ * chemi- 
-xt the use of V^^^ZS ^ 

^orescence ™ 
a sjmp e route to the development of 'muhr ; 
analyte' assay systems of th/ kind IscT^d"' 

^In pursuance of this strategy, we beean 
collaboration with LKBAVallac ca 1976-77^ ; 

le h c e hn o r ,OPment ? lhe -strum^n ^ n 7 anl^ ' 
£chnology required to develop such methods 

■en eX \ 3 gFOUP ° f flu ° r « cen « ^bstances 
generally known as the lanthanide chelates 
Oncludmg, ,„ particular, the chelates of e u D - 
pium samanum and terbium facilitate such 
development, possessing proloneed fluorescence 
t"%Z e !t^T^ ^ Stokes hift 

fluorophor such as fluorescein which is c ac e 

and a " fi mUCh Sma ' ,er S,okes shift (-28 nm) 
and a fluorescent decay time and emission 
spectrum which imply t L, it is te» «SSv 
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* measured in the presence of a fluorescence; 
background (deriving from extraneous .sources) 
which, in -practice, approaches, zero. -Fig. 6- 
illustrates the basic concepts involved in ; pulsed- 

\ ^light, time-resoJved,' fluorescence measurement, 

* whifh form the basis of the DELflA immunoas- 
say system currently marketed by LKBAVallac. 

Though it is inappropriate to pursue: this i 
. subject in greater detail, -attention Should also.be 
drawn to the possibilities offered by phase- 
resolved fluorimetry. This permits separate iden- 
tification of fluorophores differing in fluorescence 
lifetime by their exposure to a sinusoidajly 
modulated exciting light source, and observation ? 
of their dembdulated^.phase^hifted. light emis- 
sion (McGown and Bright, 1984); This technique . 
offers the possibility both of the development^ 
.homogeneous assays (relying on a difference iri„ 
fluorescence decay time of bound and free forms , 
of the fluorescent-labelled molecule), and of 
discriminating between two labelled antibodies in 
the context of muhi-analyte 'ratiometric' im- 
munoassay as discussed below. 

'AMEIENT ANALYTE' IMMUNOASSAY 

Before proceeding to a discussion of the develop- 
ment, of multi-analyte assays, another important 
concept, termed 'ambient analyte immunoassay' 
(Ekins, 1983b), must first be examined. This 
term is intended to describe a type of immuno- 
assay system which, unlike unconventional 
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Background 
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phoion counting time 



Figure 6. Basic principles of pulse-light, time resolved 
fluorescence. Fluorescence emitted by the fluorophor (typi- 
cally a europium chelate) is distinguished from background 
fluorescence, which decays more rapidly. 



methods, measures the .anaJyte concentration in 
the : medium to which, an antibody- is exposed 
rbeing essentially independent both of sample 
volume, and of the amount of antibody present 
This concept is illustrated in Fig. 7, and relies on 
the physicochemically-based. proposition that 
when a. 'vanishing])' small', amount of antibody 
(preferably, but not essentially, coupled to a solid 
support) is exposed . to an analvte-comaining 
• medium, the resulting (fractional) 'occupancy of 
antibody binding sites solely reflects the ambient 
analyte concentration. Clearly the binding by 
antibody of analyte results in a depletion of the 
amount of anahte in the surrounding medium, 
but provided the proportion so bound is small 
.(i.e. less than, for example,,l% of the total), such 
disturbance can be ignored. (This effect is closely 
analogous to that caused by the introduction of a 
thermometer into . a. medium possessing a much 
larger thermal capacity; the temperature disturb- 
ance caused by the thermometer: itself is negligi- 
ble and can, in these circumstances, be disre- 
garded,) 

The principles of ambient analyte assay derive 
from the recognition that all immunoassays 
essentially depend upon measurement of the 
■fractional occupancy' by analyte of antibody 
binding sites following reaction of analyte with 
antibody as discussed above (Figs 3. (a) and (b)). 
The fractional occupancy of ('monospecific' or 
'monoclonal') antibody binding sites in the 
presence of varying analyte concentrations, plot- 
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Figure 7. Basic principle of 'ambient analyte' immunoassay 
(AAI). The fractional occupancy IF) of a vanishingly small 
amount of antibody (of affinity K) is determined by the analyte 
concentration in the medium ([An]). 
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ted against antibody concentration, is portraved 
in Fig 8. The fraction of analyte bound is also 
plotted m this' figure. (Note: for the sake of 
generality, all concentrations in this figure are 
expressed in terms of l/K, where K is the affinity' 
constant of the antibody: For example, if K * 
10 L/M, a concentration of 0.1 x \IK rebre<em<; 
0.1 x 10-"M/L,:or0.1 **.]<)-■» x ]0^ x 6 02 x 
10 23 = 6.02 x JO 8 molecules/ml.) • ■ 

It should be particularly noted that, at antibody 
concentrations of less than cfl'O.Ol x i/A' antibody 1 
fractional occupancy is essentially ' dependent 1 
solely on the analyte concentration in the 
medium, arid is independent of variations in 
antibody concentration. Thi: reflects the fact that 
this concentration of antibody binds less than 
approximately 1% of the analyte in the medium 
irrespective of its concentration. This implies for 
example, that the introduction of 10. 100 or ]000 
antibody molecules into a medium containing 
billions of analyte molecules will result in each 
case, m virtually identical fractional antibody 
binding-site occupancy, the upper limit of anti- 
body concentration being determined bv the 
antibody affinity constant. (An antibody concen- 
tration of 0.01 x VK is a hundred-fold less than 
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; . that (1 x l/K) i necessary to bind 50% of a 'trace' 
amount of analyte (see Fig. 8), claimed by. BeSSn 
$ I^IW 35 , m «>>izing assay/sensWv- 
r»v (i.e. the slope of the. dose-response euro 

.anJyte). This false conclusion has subsequently 
become mcorporated into the : mvtholSgv of 
radioimmunoassay design which,', regrettably a 
°K^ t manu / a - cl ^ers continufto St ) 

, The ambient analyte assay concept was o&£ 
nally -pioneer in the original deve oph^m of 
what has come to .be. knoW as 
hormon* ; immunoassay (Ekins e/.W., 1980V but h ' 
js clear that it is of far wider application aKn 

-,jn. particular, be. utilized iri the conSof of 
Jmmunosensors and immunoprobes. One such 
example ,s . a probe for the* measuremen of V 
salivary steroids that is currently being deponed 
» > our laboratory. Comprising \ smaVariffi 

coated plastic, 'dipstick' comparable in size and 

shape to a clinical -thermometer, this Je4e * 
t ro n idt ,0 , Pe^ • ^1 >: , th£ mea ^ment of a ™£ 

annrn^h / - als0 Und «^S Our 

approach to multi-analyte. immunoassay, also 

under development m our laboratory. 
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Figure 8. Fractional antibodv bindino-sit* «<■.,.. .~ 

different values of analyte (antigen) concenS ,A?I Thf^f f a I™' 0 " of antibod V binding-site concentrate 
:oncentrat,ons are expressed in units of m No e LI fV* 'VT b,ndin9 of ana, * e 10 ^libody (b) S 2 A11 
percentage binding of analyte is <1»/ 6 and fraction^ w antibody concentrations of less than 0 01/^ A" 
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^^l:^#t^'RATIOME7RIC' 
IMMUNOASSAY SYSTEMS 

TTie concept^ejating to ambient analvte Y m . '- : 
munoassay and. assay-sensitivity outlined above " 
are both exploited:in our present developmenVof 
a .random access, multi-analyte, immunoassay ' 
technology capaWe of measuring, in the same 
v small sample, virtually, any number of individual 
• analvtes from selected analvte 'menus' (e e a 
hormone menu v Ai>aUntigen menu, an allergen 
menu etc.) . Many examples of a need to measure 
a multiplicity of different analvtes in the <ame : 
sample exist mmedical diagnosis, for example = in 
• ,the routme diagnosis of thvroid disease, where it 
" lfi reqUent,y n ^ cessar >' 'o measure a number 'of 
different hormones and thyroid-related proteins = 
At present, clinicians frequently experience diffi- 
culty in deciding on the .best sequence of test< to 
arrive at a correct diagnosis. Such problems 
would be overcome were all relevant analvtes 
measurable at a cost comparable to the cost of 
measurement of a single substance. Our own 
immediate objective is the development of a 
technology permitting the measurement of com- 
plete hormone profiles' using a single small blood 
sample. However, the need for 'multi-anaJvte' or ■ 
random access' measurement is not confined' to 
rned.cal diagnosis: it also arises, for example, in 
the pharmaceutical industry (where there exists a 
requirement to ensure the purity of protein drugs 
: s y n iJ>esi2ed by recombinant DNA-techniquesbin 
the food industr>- and elsewhere. Though still at 
an early, stage, our approach to the achievement 
of this objective can be briefly indicated. 

Multi-analyte assay: general principles 

As discussed , above, the notion of ambient 
analyte assay simultaneously introduces two 
extremely important and novel concepts- (a) that 
an estimate of analyte concentration can be based 
upon the use of an infinitesimal amount of 
sampling' antibody, and (b) that such an estimate 
derives from a direct measurement of fractional 
antibody occupancy by analyte, irrespective of 
the exact amount of antibodv used. It should be 
emphasized that the latter proposition is valid 
only in the context of ambient analyte assay and 
is not true in current conventional immunoassay 
systems (in which fractional antibody occupancy 
depends both upon the amount of antibody in the 
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• system, 'and sample volumes-see FigV 8V- In «w 
exposure of a small humr^r> 0 r an ^Sdv m 0 ,e' 
rules (in the form, for example, of a Wro^pc? 
located; on -a solid support) to -an analvTe 
containing fluid results in occupancy of amiS 
binding sites , n the microspot reflecting , he 
analyte concentration in the medium; Following 
such exposure; the antibody-bearing ptobe mil 
be removed' and exposed -to - a %evdon? n ^ 
solution, containing a "high concehtralfon 0 P f a 8 n 
appropriate second antibody directed against 
e, her.a _ second epitope on the analyte nioleSteS 
this ,s large (..'e. the occupied site), or agains 
unoccup.ed antibody binding sites in the case o 
small analyte molecules (see Fig. 3(b)). (Note- an 
- antibody : sjmulating,an.igen, and reac ing wi™ 
■•unoccupied binding sites, is described 8 aT a 
mirror.image;anti-idiotypic antibody';, the use of 
such an; antibody instead of. labelled antigen °s 
-convenient but. not essential, and is sugfested 
here merely to.simplify illustration of the basic 
concepts involved.) ', 
Subsequently, an estimate of binding-site occu- 

5°t ^'"^^(-'^Phaseiantibody 
located ,m the microspot may be derived bv 
measurement of the ratio of signals emitted bv the 
£-o antibody forming the dual-antibody 'coup! 
!h.i. u Ca " be conv eniently achieved by 
: labelling the sampling' and 'developing' ami- 
bodies w,,h different labels, for example, a pair of 
adioacve, enzyme or chemilumin^cent mar- 
kers. Fluorescent labels are nevertheless particu- 
larly useful in this context because, by the use 
opt.cal scanning techniques, they permit arrays of 
d.fferent antibody 'microspots' distributed over a 
surface,. each directed against a different analyte, 
xo be indmdually examined, thus enabling 
mu tiple assays to be simultaneously carried oul 
on the same smaH sample. Fig. 9 illustrates these 
basic ideas, and Fig. 10 such an array 



Microspot immunoassay sensitivitv 
theoretical considerations 

The notion that it is, in principle, possible to 
measure an analyte concentration using a micros? 
pot of antibody comprising a number of amibody 
molecules in the range ca lO'-lO* is likely, at firs? 
sight to appear surprising, and may, indeed 
provoke scepticism regarding the assay senshfyi.' 
nes potentially attainable using this approach 
Clearly a number of factors, such as the sensitivUy 
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Figure 9. Basic principle of dual-label. ambient-analvte immunoacsav rek,;™ ™ « „ 
end 0 fluoresce™ photons emitted reflects the value o^efK 

concentration to which the probe has been exposed It i«= unaffectPri hi , h f « solely dependent' on the arialyte 

monomolecular layer) on the probe surface. ..." un " neciea bv Tne amount or distribution "of antibody coated (as a 



of the signal measuring equipment, the densitv of 
antibody molecules on the surface of the solid 
support, etc., . are likely to play a par t in 
determining final assay sensitivity. Such factors 
are m turn, dependent on the efficiency with 
which the particular labels used can be detected 
the adsorption properties of antibody supports' 
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Figure 10. Multi-analyte' antibody array. Each antibodv 
microspot represents a Vanishingly small' amount J, 
antibody directed against an individual analyte. 



..etc Though .these are obviously variable, reason- 
able estimates can be. made of the order of 
ensuivn.es likely to be achieved on the basis o 

fnH mP - e ,h ^° ret,cal "'cations. To clarify 
the following discussion, it is assumed that 
sensing antibody can be uniformly and consis- 
tent y coated on a soIjd matrjx a > a sx ™s 

density, implymg that only the 'developine' 
antibody need be labelled and measured in o^rder 

Fig- 11 illustrates the surface of an antibodv 

Z CT Z P Z' 0f ! Urfa « area ^(^ 2 )- and (un!fo?m- 
W coated w,,h antibody of affinity K(UM) in a 
monomo ecular layer of density ^(molecules/ 

ana |L US 3SSUme that the s P° l is ex P°sed to an 
ana yte-conta.nmg medium of volume i<ml), and 
containing an analyte concentration C molecules/ 
ml. The molecular concentration of antibody in 
the system is thus given by AD/v. (Note- the fact 
that antibody is situated on the surface of a solid 
support and not evenly distributed throughout 
the medium, does not affect the extent of analyte 
binding at thermodynamic equilibrium, assuming 
that ant.body binding sites are not impeded \n 
their reactions and have not been damaged durine 
the coating process.) B 
Meanwhile, fractional occupancy (F) of anti- 
body binding sites by analyte (at equilibrium) is 
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Surface area 



.Antibody density » 

r^AntlbodV affinity *v 



Avogadro's number: 

A/ molecules/M 



mm.mum fluid volume for ambient analyte assay cSKSi n ^ ^ , ? ,p,e,l U « n ' ,0rm coa,in 9 is not e «emial. The 
Minimum test sample volume<M/S): A x Dx.KxX " 9 8d0p,,on of tne ™°™tric approach) is shown. 



given by the equation: 

F 2 - F{\lq + pl q + 2 ) + p/q _ q (]) 

where /> = analyte^ concentration, 9 = antibody 
concentration (both expressed in units of \IK) 

Thus, for antibody binding site concentrations. 
^ 0 O.e. q < 0.01), F = p/(l + ^ );<see Fi 8) 

Likewise, the fraction of analvte bound bv 
antibody (J) at equilibrium is given by the equation? 

f -f(\lp + qip + 1),+ g/ p = 0 ., . (2) 

Thus, for analyte concentration -> 0 fie n <r 

SS^n'fi + ? ); ( u S6e Fig - g )- Furtherrhore, 
when q < 0.01, and when p & 0, / < 0 01 

Expressed in units of 1/K; the concentration (o) 

in the assay of 'sensing' antibody situated on the 

microspot is given by DAK/(v x 6 x lfj 20 ) (since 

Avogadro's constant, expressed as the number of 

molecules/mrnol, is 6 x 10 20 (approximately)) 

The fraction of an analyte concentration -» 0 

which will be bound to the spot is therefore 

DAKIiy 6x](P + DAK), implying that the 

number of analyte molecules bound to the sdoi is 

given by vCDAK/(v x6xi(p+ D AK). P 

Case 1: sandwich (two-she) assay. Following 
incubation of sample with antibody, we assume 
the sample is removed, and the microspot then 
exposed to a volume V(ml) of a solution of a 

S A C0 ",? , /i^ e,,e(1, ,deve, °P in S' antibody of affinity 
a (UM) at a concentration given bv O 
(expressed in units of l/K*). 



^Sah^^" ° f ana,yte boun d.by labelled 
antibody ,.(P). at equilibrium is given by the 
equation: 3 

.F* 2 -.r(\ip + qip + i) + qip s o (3) 

where P represents the analyte concentration in 
the developing^antibody solution, expressed in 
units of VK*, i.e. vCDAKKVUv x 6 x l(p + 
DAK) V x 6 x io»].: l . v ; + 

Assuming P < 0.01, F* ~ (2/(1 + Q). (For 
example, if Q = i, tne f rac tion of analyte 
molecules bound by labelled antibody = 05 
approximately). Thus, since the number of 
analyte molecules bound to the spot is eiven bv 
vCDAKI{v x 6 x 10*> + DAK) , the number of 
analyte molecules labelled by the second, de- 
veloping, antibody is given by vCDAKQIHv x 6 
x 10 20 + DAK){\ + 0), and the surface density 
of such molecules is given by vCDKQ/Uv x 6 x 
10 20 + DAK) (1 + 0)1. Moreover, assuming that 
DAK « v x 6 x 10* (i.e. that the amount of 
antibody in the system is such that 'ambient assay' 
conditions prevail, then the surface density (D*) 
of deyeloping-antibody molecules = CDKQ/U6 
x 10- )(l + Q)) approximately. It should be 
noted that D* is independent of both v and V 
also that the ratio DVD = C x KQ/U6 x Kptfi 
+ Q )} = C x constant. A 
If the minimum detectable surface density of 
developmg-antibody molecules (i.e. the 
standard deviation of the measurement of D* 
when C = 0) is given by D* min (molecules/urn 2 ) 
ana C min represents the minimum detectable 
analyte concentration in the test sample, then. 
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disregarding non-specific binding of developing 
antibody within the microspot area, ■• 

C mi „ =^ iB : x i(6* lO 20 )^ 4 p]/DKQ (4) 

For example, if 0 i 1 jT £>. = ; ] 0 5 molecules/urn 2 ; 
= 10" UM and p min ,= 20 molecules/urn 2 , then 
<- m j„ = 2.4 x ]Q 6 molecules/ml; = , 1Q*"M/L. It 
should be noted, in this example, the fractional 
occupancy, pi the sensing antibody binding ..sites 
by the minimum detectable analyte concentration 

is 0.04%. ... ,• , p ..,->; .. . (! .:; 

Case 2: anti-idiotypic antibody ('competitive!) 
assay. In this case, 'we assume that, following 
removal of the sample,, the microspot is exposed 
to a volume V(ml) of a . solution of (for example) a . 
second, labelled, anti-idiotypic antibody reacting i 
with unoccupied sites on the sensing antibody. 
Using similar reasoning as above, we may 
likewise assume that the fraction of such sites 
which become occupied by the anti-idiotypic 
'developing' antibody is given by £>/(] + "(}), 
where Q is the developing-antibody concentra- 
tion. However, the minimum detectable surface 
density of anti-idiotypic antibody is not, in a 
competitive design, the critical determinant of 
assay sensitivity; this parameter is essentially 
joverned by the precision of the density measure- 
nent. 

From Eq. (1), the fraction of sites unoccupied 
•y analyte = 1/(1 + p ), and the fraction occupied 
■y anti-idiotypic antibody = £?/(] + p)(] + 0. 
Tius, if the CV in the measurement of anti- 
Jiotypic antibody is e, the standard deviation is 
2/(1 + p)0 + Q). This term also represents the 
D in the estimate of the fraction of sites occupied 
y analyte. Since the total number of antibody 
mding sites in the spot is DA, the SD in the 
stimate of occupied sites as p -* 0 (i e oD,T) 
oproximates zDAQl{\ + Q) ; the SD in the 
:cupied site surface-density estimate is thus 
0QI{\ + Q). But the SD in the measurement of 
actional binding-site occupancy when p -* 0 
;fines D min , and hence the minimum detectable 
lalyte concentration in the test sample as 
dicated in Eq (4). 
Thus 

min = D™ * ((6 X + Q))/DKQ (5) 

= zDQI{\ + Q)± [(6 x lO^Xi + Q) ] 

DKQ (6) 

= zlK x (6 x 10 20 ) (7) 
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For example, if values of Q = i £> = jqS 
.molecules/urn 2 , and K = 10'» UM are'assuhied ai 
in the non-competitive example considered 
above, and the CV in the measurement of 
antHdiotypjc antibody density in the microspot is 
l % 2 (i:e. e = 0:01), then D mi = 500 molecules/ 

T£i3? nd Cmin = 6 x 10 molecules/ml = 
."10 M/L., Fractional occupancy of the sensing 
• antibody binding sites by the minimum detectable 
analyte concentration is, in this example, 1% It 
should be noted' that the sensitivity limit of UK 
(expressed in, molar terms) is identical to that 
previously established for. conventional 'competi- 
tive assays (Ekins and Newman, 1970) and 
which underlies the predictions : represented in 
•Fig. 4. ' ' ■ 

. Such considerations appear. to suggest (a) that : 
microspot assay sensitivities superior . to those 
obtainable by conventional radioisotopically 
vbased immunoassays are achievable, and (b) that 
sensitivities yielded by non-competitive microspot 
assays are likely to be considerably greater than ■ 
those of corresponding competitive microspot 
assays It must be emphasized, however, that 
though such predictions are likely to prove * 
correct, assumptions regarding the performance 
of the labels and signal-measuring instrument 
used are incorporated in the simple theoretical 
analysis discussed above. Such factors are clearly 
of importance in determining overall microspot 
immunoassay performance. 



Practical implementation 



The concepts discussed above are clearly exploit- 
able using a variety of antibody labels, including 
chemiluminescent labels; however, our prelimin- 
ary studies have been based on the use of 
conventional fluorophores, since the technology 
ot simultaneous measurement of dual fluoresc- 
ence from small areas is already well established 
Because th.s volume centres on chemiluminesc- 
ence, we shall provide only a brief indication of 
our initial experimental work in this area which is 
currently based on the use of commercially 
available confocal microscopes. 

Instrumentation: the laser scanning confocal 
microscope. In laser scanning confocal fluoreso- 
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ence microscopy, a small area of the specimen is 
_j11uminated by. a focused laser beam; the fluojesc-, 
f P c ?-ph° l o n ^ emanating solely frpm this area ire , 
Li ;;in turn, focused ontoa-photon detector.. Both the?- 
intensity otiJlumination and the efficiency of light 
collection diminish rapidly with distance from the 
'.focal plane (Fig. 12). At the 'confocal' point, the' 
/.projection of the illumination .pinhole and the 
back-projection of the detector pinhole coincide. 
Such systems contrast with conventional ebi- 
fluorescence ; methods, where the specimen, is ' 
exposed to an essentially uniform flux of illumina- 
tion (White et al, 1987). 



Sensitivity of current instruments. Tvpically 
fluorescence photons emanating from the ; laser- ' 



Laser 




Objectivt 



Object 

in Focal Plane 
not in Focal Plane 



Figure 12. Principle of the confocal microscope. Illuminating 
light is focused at a point in the focal plane. Reflected light 
from this point is focused onto a detector. A complete 
two<Jimensional image of structures within the focal plane is 
obtained by scanning the selected area of interest, and may 
be stored in a microcomputer for video display 



Ruminated area are; detected by a | ow dark 
currentp^uh^ 

emmed by the photomultiplier photocathode 
icontnbate to the background signal of the 
.nstrumentv-and must, for highest-slnsitivity be 
minimized. Fortunately the overall design of such 

rZZTrT* the Pho.omuitiplilr photo- 
cthode to -be of very small :area; so that thfc 

S^ r t SOurC K eofbackgrounanoise is "« only 

S?no; 3 * n . SV-**"'* to. reduce in relative 
™portan C e s wnh,,future improvement in photo- 
muluplier des,gn. Meanwhile current instruments 
already d,splay very high sensitivity of detection 
of fluorescent, ^rgnals. 1 . For example', the confocal 
Zl?v C ^ e man " facture d by.Zeiss is claimed to 
display a lower detection limit for fluorescein of 
about ten molecules/urn 2 (Ploemv 1986). Most 
commercially available FITC-labelled IgG attains 
a tluorophore/protein molar ratio of -4- thus the 

STnrc^W Zei5S * 

2-3 -RTC-labelled IgG molecules/um 2 . This 

oT^4l n ,n" alyt V CO, : Centration detection "™t 
of -2.4 x ]0 5 molecules/ml for a two-site assay 

assuming the same parameter values as used in 
tne examples discussed above, or 2 4 x in* 

?o» e uM ,m] using 3 ' sensing ' antibody of affinit y 

Another comparable instrument is the Bio- 
Rad/Lasersharp laser scanning confocal micro- 
scope, which we are currently using in the 
development of 'ratiometric' multi-analyte assay 
methodology in accordance with the principles 
outbned above (see Fig. 13). The argon laseMn 
this system possesses two excitation lines at 488 
and 514 nm. It .s thus particularly efficient for the 
exc.tat.on of blue/green emitting fluorophores 

™- 35 F ^oo (WhiGh dis P ,a ^ an exckaSon 
maximum at 492 nm). However, it is considerably 
less efficient ,n the excitation of red-emitting 
fluorophores such as Texas red (excitation max? 
.mum 596 nm). However, the ratiometric im- 
munoassay principle permits considerable varia- 
t.on .n detection efficiencies of the two labels 
rel.ed on s.nce, inter alia, the specific activities of 

ln! hL° bd ed am,b ° dy s P ecies for ™g the 
antibody couplets can be chosen to yield optimal 
signal rat.os ,n the region of unity. P Thus 
mefficency of the argon laser in exciting red 
em.tt.ng fluorophores is not necessarily a major 
handicap in the present context 

Though the current Lasersharp instrument 
rel.es on a conventional microscope rather than a 
purpose-designed optical system (and appears to 
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Detector 

P photons 



n -r^^'L ess 

- «P djy »n Response 10 needs in astronom.. .if 
: ^ce program e,c. such .echnob^aTb^ 
!«<% exploiiable in a muhi-anXe imn, 8 
assay context using Brt™«en«mh. ST""' 
accordance »*„ J broad 



Bearn. . 
Spliners 



Detector 

a photons 



Objective 



Antibody array 



Antibody microspot 



Figure 13. Dual-channel confocal fluorescent 
permitting simultaneous nrn^S^^fSSS^ 
s-gnals from two fluorophors situated a, he foal ^nt T 
scanning the antibody array, the ratio of sign a °? J™ 
ant.body microspot may be determined 9 ° m eaCh 

be less sensitive), it permits quantification of 

EES?" I" P nCrated fr ' m "SSSi of 
selected area. Initial studies have revealedVhVT ■ 

under conditions that are not 

the instrument is capable of detert.no / l,ma1 ' 

imately twenty-five 1^ WwS^'JSS 

W 2 , scanning an area of —50 fiirr (Ffe ]4) It 

must be stressed that neither of these confL 

microscopes are designed specifica U L roZl 

rat.ometnc multi-analyte immunoassay us and 

>t can be anticipated that future iLrami,? 

constructed specifically for this pi ?S 

to prove both cheaper and more Sve * 

^ZrlT™™"**', 71)6 MPM 200 Microscope 
hotometer manufactured by Zeiss of West 



c Solid antibody supports. On the basi< nf ,k. 
theoretical considerations discussed above i is 
evident that solid antibody suDoom for L \? 

lose membranes and microtitre plates fr it 
polystyrene plates from Nunc b ack wh it < and 

Surface density of antibody coati M P,el! m m„, 

Sd m z f 8 Micr °" u ° r 

^eaied that it is poss ble to mat 

antibody at a surface density of at ea St 5 ^i'S 

Sbod°i eCU , S/ T (Rg - 15 > Moreover nearly a^ 
antibody molecules so deposited appear to retain 
immunological activity (Fig. 16). 

Verification of the 'ratiometric' imunoassay con- 
cept. Our primary intention, in initial studies h£ 
been establishment of the basic cond tSn S whirt 
using a particular instrument, can be antStVH 
on theoretical grounds to yidd I h'lh S2J 
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Figure 14. Fluorescence signal (arbitrarv unito 

ptotted as a function of the density of n^M^SSr^ ^ ^ Rad/L «er S harp scanning confocal microscor* 
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Figure 16. Surface density of immunoreactive IgG- molecules; (number of molecules/jim 2 ) plotted as a function of the total 
surface density of IgG (number .of molecules/u.m 2 ) on Dynatech, : Microfluor\ white microtitre plates . 



thought it useful to confirm the validity' of our 
general concepts by comparing, the performance 
of certain assays when constructed in microspot 
format and when conventionally designed. For 
example, we have compared a dual-labelled 
tumour necrosis factor (TNF) Tatiometric assay, 
system using Texas red and FITC-labelled anti- 
bodies with an optimized IRMA system using 
identical antibodies but with the second antibody 
I25 Mabelled. Although unoptimized, the 
ratiometric microspot assay yielded formal sensi- 
tivity values closely approaching that of the 
conventional, optimized, IRMA. Although 
verifying the general concepts underlying 
ratiometric microspot immunoassay methodolo- 
gy, further work is required to achieve the 
considerably greater sensitivity that theory pre- 
dicts as achievable using optimized reagent 
concentrations and improved instrumentation. 



CONCLUSION 

As indicated above, differentiation of the fluores- 
cent signals yielded by two fluorophores can be 
readily achieved solely on the basis of wavelength 
differences, and this approach has been relied on 
entirely in our preliminary studies. However, 



other physical techniques exploiting differences in 
decay time of two or more fluorescence emissions 
(using, for example, a pulsed or sihusoidally 1 
modulated laser source, and time- or phase- 
resolving detectors) are available, and can be 
expected both to further reduce background and 
to improve signal resolution, thus increasing assay 
sensitivity and precision. These considerations' 
aside, the basic technology involved closely 
resembles that employed in domestic compact 
disk recorders and other similar data-storage 1 
devices, the obvious difference being that light 
emitted from each of the. discrete zones forming 
the antibody-array is fluorescent rather * than 
reflected, and yields chemical rather than physical 
information. Indeed, our preliminary studies, 
suggest that highly sensitive immunoassays using 
antibody microspots of surface area approximat- 
ing 50fim 2 are achievable, implying that some 
2,000.000 different immunoassays could, in prin- 
ciple, be accommodated on a surface area of 
1 cm 2 . Though non-specific binding of a multiplic- 
ity of developing antibodies would probably 
prohibit the use of antibody arrays of this order, it 
is evident that the technology is capable of 
encompassing analyte numbers of the kind likely 
to be useful in practice. 

The development of multi-analyte assay sys- 
tems of this kind can be anticipated to bring about 



CHEMILUMINESCENT AND FLUORESCENT MARKERS 



:U / 



77 



, fundamental changes in medical diagnosis and 
many other biologically related areas: Systems 
. capable of measuring every Hormone and other * 
endpcrinologicaliy related I '/substance Within a 
.single small sample of blood are within technolb- 
gical reach, providing Idata which; when analysed 
with the aid of computer-based 'expert* piattern- 
recognition systems, are likely to reveal endoc- 
rine deficiences onty dimly perceived' using 
. current : 'sing^e-analyte t, di^gnostic ru procedures. 
Such systems also provide a means to the 
development •,<>£., a frandom access' immunoassay 
methodology, permitting the selection of any 
desired test or combination i of tests ; -ftom an 
extensive analyte menu. Clearly the accommoda- 
tion, of a wide range of individual immunoassays 
on. a small immunbprobe (comparable in its " 
overall physical dimensions with a Tew drops of 
blood) is likely to totally transform the logistics of 
immunodiagnostic testing, and, genuinely repre- 
sents, in our view, 'next generation' immunoassay 
methodology. /t , 
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Multianaljfle Microspoi Immunoassa^-Mieroanalytica/ "Compact Disk" of the Future 



R. P. Ekins and F. W. Cbn 

,• ^ ;( -_ J, VI',. 1 ' _'V ~ ; " V'-'" ;: 
Throughout ^1»7(te,>eonlioveisy centered, bo* oh inv 
munoassay ^nsjIMyr per se and on .the .relative sens- 
tvittes of labeled antibody (Ab) and labeled anaJyte meth- 
ods. Our theoretical studies revealed that RIA sensitivities 
could be surpassed only by the use of very, high-specific, 
activity nonisotopic labels in : Vnoncompetitive", designs 
preferably with rnonodonal antibodies. The time-resolved' 
fluorescence methodology known as delf i^-develoDed in 
collaboration with LKBWallac-represented the first am- 
mercial "irttrasensKive" nonisotopic technique based on 
these theoretical insights, the same concepts being sub- 
sequently. adopted in »niparable methodologies relying 
on the use of chemibminescerrt and enzyme labels How- 
ever, high-specific-activity labels also permit the develop- 
ment of "multianafyte" immunoassay systems combining 
ultrasensitjvrty with the simultaneous measurement'^ tens 
hundreds, or thousands of analytes in a small bioloaicai 
sample. This possibility relies on simple, albeit hitherto- 
unexplorted, physicochemicaJ concepts. The first is that all 
immunoassays rely on the measurement of Ab occupancy 
by analyte. The second is that, provided the Ab concentra- 
tion used is 'Vanishingly smaJ," fractional Ab occupancy is ' 
independent of both Ab concentration and sample volume 
This leads to the notion of "ratiometric" immunoassay 
involvmg measurement of the ratio of signals (e.a.. fluores- 
cent senate) emitted by two labeled Abs, the first (a 
sensor" Ab) deposited as a mterospot on a solid support 
the second (a "developing" Ab) directed against efther 
occupied or unoccupied binding sites of the sensor Ab Our 
preliminary studies of this approach have relied on a 
dual-channel scanning-laser confocal microscope, permit- 
ting microspots of area 100 mot* or less to be analyzed 
and implying that an array ofl 0 6 Ac-containing microspots' 
each directed against a different analyte, could, in princ* 
Pte, be accommodated on an area of 1 cm 8 . Although 
measurement of such analyte numbers is unlikely ever to 
be required, the abDity to analyze biological fluids fora wide 
spectrum of analytes is likely to transform immunodiagnos- 
tws in the next decade. 



Additional Keyphnuea: ratiometric Immunoassays • scannino- 
tasareonloealmienaooim • Huoroimmunoassay 

Immunoassay and other protein-binding assay meth- 
ods based on the use of radioisotopic labels have played 
a major role in medicine during the past three decades. 



JiffiS?* £ t M «|^ jMocrinology, University College 
Jjd^MiddlMei School of Medicine, Mortimer St, London WU« 

Praentod at the 23rd annual Oak Ridge Conference on Ad- 
M^prflfSl Pt * CUnicaJ Laboratory, St Lou£ 

Received May S, 1991; accepted August 20. 1991. 



Their utility and importance have derived Minjarily 
from tie structural specificity of many reactions be- 
tween binding proteins and analytes and the detectabfl. 
:ty of isotopically labeled reagents, the Utter enclowing 
;such techniques with ^"exquisite sensitivity." Recently 
however .interest has increasingly focused on noniso- 
topic techniques -based on identical analytical princi- 
ples, diflenng only in the natureof the marker used to 

(C *' ^ or whose 
J^bufaon between reacted ("bound") and unreacted 
yn&r) fractions constitutes the assay "response " " 
^ Ike basic aims underlying this interest can be 
broadly classed under four main 'headings: • 
;. •avoidance of the environmental, legal, economic, and 
practical disadvantages of isotonic techniques (e*„ lim- 
ited shelf life of isotopicaliy labeled reagents, problems 
of radioactive waste disposal, cost and complexity of 
radioisotope counting equipment), particularly those 
mpeding the development of, for example, simple diae> 
nostic kits^or home or doctor's office use; 
• achievement of greater aaaay sensitivity; 
•"direct" measurement of analyte concentrations by 
use of transducer-based "immunoeensors"; 

•simultaneous measurement of multiple analytea 
Cmultianalyte asssy"). . 

h this presentation I will focus primarily on the last 
of these objectives, using this to set out the principles 
underlymg our present attempts to develop a new "min- 
laturoed" technology that will permit the simultaneous 
measurement of an unlimited number of analytes in a 
small biological sample such as a single drop of blood. 
However, retention (and, if possible, improvement) of 
the nigh sensitivities of conventional isotopic tech- 
niques is a basic aim not only 0 f our own studies in this 
area but also of most other endeavors falling under the 
above headings. It is therefore appropriate to preface 
this paper with a discussion of the general principles 
underlying the attainment of high binding-assay sensi- 
tivity. 

Immunoassay Sensitivity: Some Basic Concepts 
Definition of Assay Sensitivity 

The need to establish assay conditions yielding max- 
imal sensitivity underlay the independent constriction 
of mathematical theories of immunoassay design by 
both Yalow and Beraon (J) and Ekins et al. C2) in the 
course of the original development of these methods in 
the early 1960s. Regrettably, these theoretical studies 

led to a prolonged controversy, arising largely from the 
conflicting concepts of "sensitivity" adopted by the two 
groups (see Figure 1). Briefly, Berson and Yalow, in „ 
their many publications relating to immunoassay de-- 7 
sign (e.g., J, 3), denned sensitivity as the slope of the 
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Fig. 1. Tht dftwing concepts of sensitivity and precision undertyina 
radtoimmunoassay design theories developed by (toft) Yalow and 

. Befson (e^ f. 3) and {right) Btins et al. (2. 4) ■ . 

;; ( . Yak*r and tonon defint tuay A as more Mnsftto brause-it yttds ■ 

' ~ aus# ^j"?** 1 ** 0 " ^ of 2wo dOM (<r D ) is less Yalowand 

&"mft«wi» difimri assay system as mora pnjcist « it yirtds a steeor 

responae curve relating the fraction or percentage of 
labeled antigen bound (b) to analyte concentration ([H]). 
In contrast, Ekina et al. (e*. t 2,4) defined sensitivity as 
the (imprecision of measurement of zero dose, this 
quantity being indicative of, and essentially equivalent 
to, the lower limit of detection. 

The key difference between these two definitions : 
clearly lies in the dependence of the assay detection 
limit on the error (imprecision) in the measurement of 
the response variable. By neglecting this crucial facte, 
the Response "curve slope" definition leads to many 
obvious absurdities. For example, plotting conventional 
RIA data in terms of the response metameter B/F (i.e., 
the bound to free ratio) suggests that assay "sensitivity^ 
is increased by increasing the antibody concentration in 
the system; however, the converse conclusion is reached 
if identical data are plotted in terms of F/B' (see Figure 
2). Observation of the shape and slopes of response 
curves without detailed error analysis thus constitutes a 
totally misleading guide to optimal immunoassay de- 
sign. This approach has, however, characterized many 
of the studies conducted in the immunoassay field dur- 
ing the past 30 years, and has been the source of much 
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mythology. For example, consideration of the Law of 
iAin Atoj^^ when response curves com- 
■ sponding to different antibody concentrations a* piot- 
ted in terms of b vs (HJ, the maximal alope at xero doee 
^obtained for a concentration of OJSlKXwberi fK is the 
affiwty constant), » 
iv response (ty.ia 33%. This conclusion led to Hereon and 
t . Yalow's enunciatiwi of the ^ w^-lmo^ dictum (which 
albeit aronepus, ifi broadly adhered to by many iinm* 
noassay practitionera and kit manufacturers) that, to 
, TnaTimi7i> RIA sensitivity, the amount of antibody to use 
in the system is that which binds 33% of labeled antigen 
in the absence of unlabeled antigen (1, 8). t ,. . 
Di^gr^ement regarding the concept of sensitivity 
, mevitably led to prolonged dispute regaling immu- 
noassay design (5). However, although it ia still common 
; to encounter publications in the field that rely solely on 
the response curve elope as a measure of sensitivity, the 
assay detection limit is now widely accepted aa the only 
valid indicator of this parameter, and we do not there- 
fore intend to dwell further on this issue here. It is 
f nevertheless relevant to an understanding of the "min- 
iaturized" assay methodology described below to empha- 
size that untenable concepts of both sensitivity and 
precision underlie many of the commonly accepted rules 
governing current immunoassay-design practice, some 
of which are contravened in our own approach. 




Any plot 



r 

i ■ ■ ■ i i 



Response curve slope Detection limit 

Fig. 2. Schematic representation of RIA dose-response curves 
observed tor high end low antibody concentrations plotted in terms of 

(toft) the freeVbound fraction (F/B); (center) the bound/free fraction 

(B/F) 

Note thai tht low antibody concentration yields ■ responae curve of areatar 
atop* whan the assay response it plotted in terms of F/B. but of tower alooe 
when plotted In terms of &f. The precision of measurement of zero dose 
(AOg) ia Independent of the coordinate frame used to plot assay data (see 

ripnf) 



Basic Immunoassay Designs • } 

It is likewise important .in the present context to 
comprehend the basis of the various types of immunoas- 
say 8 currently in use, and the constraints on the sensi- 
tivities of which they are potentially capable. The radio- 
immunoassay and analogous protein-binding assay 
techniques originally developed for the measurement of 
insulin by Yalow and Berson «5), and of thyroxin and 
vitamin B 12 by Ekina and Barakat 17, 8). relied on the 
use of a labeled analyte marker to reveal the products of 
the binding reactions between analyte and binder (Pig. 
ure 3, left). This approach has subsequently often been 
portrayed as relying on "competition" between labeled 
and unlabeled analyte molecules for a limited number of 
protein-binding sites, such assays being frequently re- 
ferred to as "competitive. 1 ' 

Subsequently, Wide et al. in Sweden (9), followed 
shortly by Miles and Hales in the UJL (JO), developed 
labeled antibody methods (Figure 3, right). These meth- 
ods represented an extension of the "labeled reagent" 
methods (utilizing radiolabeled organic compounds such 
as Mabeled p-iodosulfonyl chloride, [ 3 H]acetic anhy- 
dride, and other similar reagents) devised, during the 
early 1950s, by Keston et al. (11), Avivi et al. (12), and 
others for quantifying amino adds, steroid and thyroid 
hormones, etc. Although radiolabeled antibody methods 
(immunoradiometric assays; IRMAs) were originally 
claimed (13) to be more sensitive than methods baaed on 
the use of radiolabeled analyte, these claims were sup- 
ported by neither rigorous theoretical analysis nor per- 
suasive experimental evidence, and for some time re- 
mained controversial. Further doubt on their validity 
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^yte + uuibodr* « . u&oiy , ^ 

+ restdnal aaalyte 
. ^ , + residua] antibody* (F) 



Measure "traction bound" (B) 
Measure "fraction free" fl=) 



in te bWrs ch^rotkaw^^J?^ * ^unlabel* 
lend. 

pnxJuc* of th. bindno r»»^ £^ ™ ^f^* to reveal me 

**e«i mtg when «w -w Mtt>o*,TSS 2 J?^2 ton* 

WWty when the bound frea^T SSLTT2i ta •""^ to "* 
background) oewmiinefi (Bxewae assuming Ief0 



^ demonstrate 
that both labeled analyte and labeled antibody methyl 
possessed essentially equal activities. dSoU 

the assay of amall polypeptides, in which radioiodint 
^ration xnto the antigen molecule was reeSSS 
conversely, these assays would be less sensitive forX' 

ertheless, despite the appearance of this pubSoiiX 
belief that labeled antibody methods per* S fto? 
""g ™™ v "^ve than the eW^^,S£ 
^methods gained wide aceep^a^Sl 

The reason for confusion on this issue is that tK. 
^eater potential sensitivity of certain S^tWtft 
not reajly a consequence of the labeling of antibrivV! 
opposed to analyte; indeed, the am^t^St 
between labeled-analyte and' SJSSS^SSS 
diverts attention from the true reasons »2£?£ 
superior sensitivity of certain assav d«W -rL^L , 
-ajysis (see, e. g *4 ,5) reve^^un^ 
feet" separabon of the products of the bindu^J^ 

opbmal antibody concentration (for nmiinaSbV 
><y) in a labeled analyte imnnmoasMThw^.w T J" 

tf a, Abound fttttiM1 J—JS 1 

the mwartnition tends to infini^r. In short, of tie four' 
W,wilhiiieMiimiieiitrf(re eolbo ^^ rf ™ 



laoeied reagent of any kind is involved. : .- 
-fiSSfJpM i-unoaasay. a,d 

^^^^ itself obscu.SSe 1 ^ ' 
uig reasons for the existence of this oWfeno. « -S" 
desi^,;and may thus be : inisleadmglSete ^aS 
^ybemorereadilyundei^iftb^^^ 



The "Antibajy Occupancy Principle- of iWinxJassay - : 
^en a "sensor" antibrfy is in^ 
lyte-contaimng medium, binding sites on 



fAbAgWIAb] = JniA«] 



fractional occupancy of antibody binding sites, 

lAbAgMAb] = K«AgV(l + KlfAgD : . m 

where (AbAgJ, [Ab], [fAb], and liAz] renr^f 
concentrafaons (at equilibn^) of b^S S^S'^ 
body, and free antibody and antigen (s i)^ 

Ration of free analyte generally depends on the co^cet 
trabons of both total analyte and Mtih^^u 
when to^, antibody approx^ JJK WrS 

«^«ntly, and fractional occupancy of antfboo^ 



fAbAgMAb) = KfAg^l + K(Ag]) 



(3) 



Assays utilizing this concept have been termed -«» 
bient analyte iromunoasiW <i 16 ) fr»^, ani * 
being dependent otZZZ^^Z^ZZZ 
concentration (see below). ^ anbbodv 

All inanunoaaaays essentially deDend ~ 

» i mpneia, drfucri by subt^on) 
attament of senritlvity-u.nw^ 
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totttoui occupy •r um *ay 



^jt,...: ■ : 

"-y^refore be' categorized as' "competitive" P«« 
veraery, techniques in which occumed^ »„ ^ , 

conamtxetioa. of aensor antibody and w££E£gt* 
as Noncompetitive." This difference h^l. «aacnbed 

anaJytc" technioin* «»w ~T similar "labeled- 

^ors^entialfwM^ 
idaotypc antibody (reactive only with^SpS S." 
on the sensor antibody) may be used fa $.7 
purpose. In the ^ Bingll^ l^J 0 '^^ 
says, toe labeled antibodyhaelf J*Si ? JMr 

"tibody; afW reactio^^^^^ r 
body may be separated into o^Sed^nd u^' ^ 
fractions through u« of (e.g.) a^u^Z^ 1 " 1 

"signal- entire £ -taffiSJiff. 8eparatioa ' 
fi.e., the -oewnied" frSlf? ^ to ^yte 

assaycanotXstX^ti^^ 
one meaaure. the labeled antibodX L^* ^' rf 
d.e., that attached to the i^ZZ^^S* 
assay is "competitive/ "™™oeoroant), then the 

Two-site "sandwich" aesava &~ 
because they rely on t^Z^it^ZV^ 
cred from two points of view * consid - 



< 

<.;,.• 
K • 



[••o^coMpfTnrvt immunoassay* 
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Rg. S. Basic competittve and noncomwKJtt*- h»™. 
Jh. distinction b«w-n rwKonw^^JZJ^^ 

wtibody method. i^SntES^tS^^ 

or MoocupW an tibod, bi^ X"^^?^ 
~rf«. I. Art, 4, uL, .^55 ~f « "» 
peMw" merely nScrt .li.„7,T "™ Twncom. 

dom Brer, yirf^ ta a,, dS^™^ " 

or "manipulation" error in ' ex P enme n^" 

^Hiose respond (R?fi " ^^^"nent of the 
arising fro m p^tW tS'^f felatlve erTOT 
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sej is of key importance in determining •'potential" 
aaaay sensitivity G.e., the .sensitivity obtained by assm* 
ag the specific activity of the label to be infinite 
inmlymg zero error in eigne] measurement). Thus the' 
potential sensitivity of a competitive assay can be 
shown to be oy^R* whereas that of a noncompetitive 
assay i» given \y WAbJKRo, where, It-nThmr 
ease, Ro « assumed to represent the labeled antibody 
msclaaaified as bound (fhAbU commonly referred teas 
nonspeofically bound" antibody. Thus IMAM - f tZ 

bound and WAbJO, « fa^. 
the«Iatnre error (a*^) in the measurement of the 
^Z^L^T u a PPn«imate]y identical for both 
competitive and, noncompetitive assays/ it is evident 
from this annp e analysis that the potential eenaSviS 
ntSS?S5 V VJf f * ^tTf cTm! 

labeled antibody that is Specifically bound." For 
example, if the nonspeofically bound fraction is 0 01% 
a noncompetitive strategy is potentially canabl* «f 
"naitivity 10 000-feld greater than thaf oiTc^ti! 
tive approach, other factors being equal ^ 
These findings are summarized in Figure 6 (left) 
which, shows the relationships between JkS4y S 
pressed m terms of molecules per milubWand^ti- 



a abel, ^radioactivity * ^ aenmie,^*^" 

for 1 mm,. Computations of-tlsi ttSr^SSSSi 
reagent eoncentwtion. jT?!5Sy optUMl 



Competitive Non-competitive 



Log , 
molecuJes/iuL 




•hs'eusa 

HJ5ERJA 



. • "Aft • 

■mewwteaSy preeiasd sensitivities of canoetitfve and n»w 
competitive immunoassay methods (reoresem^ET^* . no °' 
anslyie measurements, uprasud as mL^~^,^l SD 01 2ero 
♦unction of antibody aff^Q * ™«cu)es/mi) pipaed as a 

on t» •sZpto. «TO 'i^S.^!^^ « 



»euro0 to ouriT^ (ShS,«S2^ 
. to 0.1% • ^^wWicst^^ 



reagent 

^M in,Figure 6 t rely) were ^TlTlSE 
assumptions that (c) the radioactivity of thl^«S2? 

(relative "experimental error' component^ IS 
moment of the bound fraction (oyb) was 

ab^such_an assay is oyjfb, where JT is thT aSt 
constant is 10" Ltool, and oVb is 0 01 n*^ 

mLJ The additional -signal measurement error" «S : 
a .consequence i of counting radioactive ! 
finite time implies a tm«uM, : m«£^j£*^ 

'^JS^T^ * RgW 6 «^ Ho^everrS; 
«Bul*««J loss in sensitivity is relati vely small for anti- 
bofeir of affinities <10» Ltool, and to3g2t - 

Se^IT <10 " ^-I»otSSor5a!tf 

ttLTnt ^ a .«*Pt individual sample cowS£ 
times o^ 1-5 nun, httle improvement in sensitivity^ 

uwyshbb inan I. However, similar consderaH/m. 

* e t ^ of relatively lm * ^ : 

The other main conclusions stenuninff from mirJ. j 
analysis are the importance of both^Smtau^SuuS 
ulatoon" errors and using antibodies rfSF i?^*" 
affinity. For example^^t^o^ jf ^£2Sf 
an approximate threefold loss in sensitivfty * 
^ding the fact that an assay r*JS£& ^ 
to the detenorsfcon m operator skill that these nunfe*. 

from the analysis is the near impossibility, in^acti? 
of achieving immunoassay sensitivities bett^S^ 
about 10' moleculea/mL by usmg ^mplSSve^ 
proach, irrespective of the nature of the labdu^^ 

torn results of a similar analysis of the sensitivity 
stations applying to noncompetitive (twcJSaWvi 
US) are illustrated in Figure 6 (right). IVo *T S 
curves are portrayed here, corresponX toSl "J2l5 
tonj of 1% and 0.01% nonspednc 

yt'Swt^ substrate. Such anal- 

assay design, e.g., the crucial importance of r~J u «L. 
nonspecific binding of labeled antiTWy^ an absS 
mmimum. Furthermore, if nonspedS MninT^ 



fHOM BIOMEDICAL INFORMATION SERVICE 



^^nanojrfimird 
amcmpeteve away design aa by uimg an antiboH 
f * 10" L/mol in 8 competitive method One of tW, ♦ 

. more. In short, although, underlie, ^^^ BlL * ' 
; noncompetitive BMai ^na, ^Z^^ 01011 ^^ 

,^advantages(S^ 

itive approach can be reaw!^ L . »Mcompet- 

«periority of au^^iat * ^ ^ - L ^ 

inimunoassay methodology now k^T " 0rometric 
20). This methodology £ Z fiwl *^DELFU OS, 
noniwtopic unmuncSav n J?L i >^-*ensitive» 
The aaX^ra^S^™ 1010 ^^^^^^. 
adopted* iZZJgZiJZ been 

unmuno^ay, and multianaly* aSaey^**^ 



^ U ' M "'^ 486M092e6 , 



in * recognition ilutt •n i_ - x 



(4) 



Ambient Analyte Immunoassay 

Particular attention has been . u 
fpedou. notion that an a^boTco^?^ *° ^ 
"nating 0.5/K is required to Zlt i ° D * PprM * 
conventional labe^^^^^^ty of 

"»plidUy overturned by tbTcKnS? P ^? 81tioa * 
immunoassays, ^dZT^Z^f^^' 
a new generation of bindin^^^K 

Specific MMty 

1 S^^«Per second per 

7^xio« labeled rto/ecuies 
Determined by en^..^,^. 

'JgJ* even, per ^ 

M Se C r abteeventsp -^ 



Enzyme label 

ChemUurnines^em label 
fluorescent label 



an^y^n^^^ for 

which the fractionToccuDa^?^ 7 « » 

^onal") «t^°Sffi2£T el ^ * 
various analyte cc*i»«*«*~*- , P™**** of 

body conSn^^^^^ w Plotted against anf. 

lea than toy?0 MdR? ™ ^^tration of 

to an andyte^SrmedJuS^ 
tional) occupancy ^SaST'a^' re ^ uItil W 
fleets the Sent ^ «*» -olery re- 

mdependenrof Se ^STSSZ « ***** i. 
.«*«..<* for -aL^/TH lJ^" 1 ^ * the 

10-" mol/L, or 6.02 x 30' m«5 ^ 1/Jr T e P re8en *« 0.01 x . 
binding by^tiboXJuii J^S* "J^U Analyte 
lytelTth; me^Sr^t^r of ^bq-nd) ^ 
s*al], the resulting reductioT^K^ T >Unt ^ » 
tion of analyte^Sgn^^r b ^ t ? nCentr »- 
concentration of bmding^^f!L e3 " U,iple ' tf ^ 
<0.0iyJT, analyte deEnS t "P** ^bodies is 
<ia, oJj »u p euon 10 the medium is i»v*ri»ki. 
<!%. and the system is therefore ^SH^S^ 

^*55£^Cg^jr ta *i*--i«- 

«aay dau. The t«^AW«^rT^ "P^t-tion of biadS 
that thia »nven^ n ^^^^«."«J«rlined to iaS 

TImu, frtetionAl oeeupMcy wvl M 1 (din «najonleM) unit 
eal for oil antibodies u2 Srf e^l!" """^ 4 S 
ti«n i, adopui i.e., curv« r^'^pTT* ""body eoacwtr.. 
be identical for .y^^^^^eoaeeatnitioaS 
antibody with an affinity otltf* llv,i ^-To Mll f«>t«tiooi of an 
«£h an affinity SffiftS "^^Mtibo^ 

ia the sane ^antrati^" 

paaeyrUStbe^^i^Jl iadic " l « that antibody on. 
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Antibody concentration *' - 
difierenl valuta of analvta («n£«ni concentration for 

Afl ooncaiuaiiem «r» mpmaad ti unite of i/K th. ^ 

v«tow and Btnen {?. 3> w ?30S) ' " • eco * ,no8 «*■ prwapa of 
dent of sample volume. 

J*** conclusions lead to two further concent* iw 
the antibody may be confined to a W™l!^ P 
"PPort, such thi the t*U*!^Z^?*»™> 
site, within the microspot is ^10"^^ 
- the sample volume to which the **LJL • ' ere » 




, -^tration of analyte leads in ~ ™™racaneeii. 
. OuaRaDel Microspot tamunbaMjy ""- ' --v.lt 

the antiboty m ^ S^f 1 ^^^"^ 

different • d ? elo PW antibodies with 

ch^n^marS ^ 0 ^ * 

differentha^lC^ TehTaAt^ 7^ ! 
uticularly useful ia d*5«s^ 
optical aciinnin* techniouM tf^owl 7 rf 
•cannine of ar™ Jf^T^^J T^* 9) « ^ pemit the : 



• _ • • • 



-.MP) 








Non<ompetltlv.aisa y Competitive assay 



•W only 50% ot m. ocapw or unoecap* tto , „ 
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- V advantages stem from adoptbc a dual 

tages are additional to the bagSh^T^ advan ' 

stanty of the amount of JZZ&g^^: 
assay eystem is removed. tioooy used in the 

Microspot Immunoassay Sensitivity 

design theory klZ^ SZ^f ^unoaasay 
eration7£ pot^bT^tfvi^ttaS^^ 
approach is obviously of prfcwlm^^ 1* 
osition that !. pnma *y "nportanoe. The prop- 

wiuod uat nuerospot assays may be at BO „*1 . 

tive as conventional systems that ^ly oTLf i""* 
amounts of antibody mav IT/ IaTger 

consideration of ^^aTodT^ ^ ,? e ^ atod ^ 
sensor antibody mole^TXtned to^^ 
• solid support such that^Tb£dt£ 2l ^ ° f 
exposed to the analyte, and^t ZtlCt 
analyte is thereby -changedX^S^^ 
*<» in the system-the number of bind^-W^^** 
fupportdividedby the incubation ** 
by such attachment. andalSES, Qnaffect «i 

antibody is distributed uniformly toZZTTS? 
bation mixture.) Let m^S^S^ 
molecules exist a. « r££ZZ^"^* 
surface densi* on tje support and 
aion) are unlabeled Then a change in the ^ZZ^T 

of sensor antibody implies « ™!L ^.""^^tltm 
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' antibody Kr^Bitea^ 

, fr«fcmof0.01/ff,etfcl*tu^^ 

: : 

. ing analyte at • ^J-Z-Zr^? mednan contain- 
let 

developir^iX 2£gti Mte f J*h«B 

density of l molecule/^. at * •»*«• 

We may now consider the eft**. ~t 
reduction of the antibod^Lw * P?***"** 
1 mm' (effective^ntiWy^^Sf "ff^T (e * J 

moires present), whereas the number of h^TlZ 
t>body molecules nonepedficafly hound £ 
assuming the field ofyiew^A^!^ Thu> » 
restricted to the ar« th^ ngin8tn ?f Mt » 






otoosuon osoiuti s/B laua 






^ represented by square (uns£^ *^ a ^^™fl hstrm, «»' 
W feaucfen ol both ft. M . of deoo^ !^ 

ft. fi-«^S^S^ B | B d S y 01 ««?(S 
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^ff 3 ^^ «^ ^ tk«W 

menfs field of view), the ngnalmoise ratio observed for 
the 1 nun 1 area is r . 30. Similarly, the valueofFforaOl 
mm* area is 9.02 x 10"*, the number of labeled antf. 
tody molecules specifically boundto the area is 5.41 x 
MP, the number nonspedfically hound is 10» and the 
a^o^ ratio is H>4. Likewise, the signal/no* 
ratio for a 0.01 mm* area can be shown to be -59. In 
abnrt, the ogzial/noue ratio increases as the antibody, 
"tl,^ de «««d. approaching a mwd- 

^-^f I? T al 1 ue *f 60 M coated with sensor 

antibody falls below 0.01 mm' and tends toward 

U, however, a reduction in the antibody-coated area 
♦TT^ CC ° mpanied * a «"«Ponding reduction^ 
^f^**"*"* field of viewTthe r^W 
reduction in "signal" would lead to a corre^S 
decrease in the background generated by nonspedfr 

fore, ahhough reduction in the coated area would ^ 
crease the fractional occupancy of the sensor antibody 

25 SfSli* 01 ? 6 rat 5 might remain constant £ 
JUL In these circumstances it might be advantageous to 
increase the coated area. Similarly if the «,rff~7 
«<y of sensor antibody were dec^J 2K23 « 
bemg held constant), similar conduSons^d^ 
reached (Figure 10c). 66 

Likewise, if the background signal generated witf™ 
Ae detecting instrument itself 

e^ t ft ^ Ulti fe **• ^ to detecTpioC 
emitted from the antibody-coated area) were not seT 

^ nalDed +u conslBnt 'WDess of the instrumS 
Sal bf 21 ST/ "^oise^tio^o^d 
also be attained at some optimal value of the anboody- 
coated area, below which the ratio would fell B^Z 

(and hence the detector-generated background) att£* 
eame rate as the size of the aignaJ^tSiar^tSret 
jo rea^m prmdple-ibr the «gSw'ratiTto 
dmnush as the. antibody <oa ted arTTpr^reSvelv 

ratio « "5 the P SZ 

S^Jl rf 5 r f i8ion ofthe aeasxuWof 

antibody occupancy (and hence of assay sSvirv) 
these considerations suggest that it is aoWa^ to 
reduce tiie antibody^ted surface are. (antc^ 

altiiough little advantage ia likely to accrue from mml 
UW the area below 0.01 nun 8 (and thus thVanntSt 
concentration below O.OL0T). antibody 
Were the microspot area indeed reduced to ae» h«tK 

JELS D T ^ also SS m^;^ 

ratio between them nevertheless remaining essentia^ 
constant, implying that no signal ofanykind wSffi 
the hnut, be recorded. In practice, other statoticS 

even? ftT nW^!^ ^ e DUmber rfindWdnal 
events (e.g., photons) observed by a detecting instru- 

winch the r^on in the antib^y^ted^^ 
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f^'on of Oe measurement of antibody ocoman« 
aniftodyu^ 

higher the specific a^vity.-the^alleXSm^! 
area. Thus, given labels of very lugh .peraTaSv^ 
one can- envision circunistances bw^J*^ 
Wxapetitive- system, the optimal c^cemS 
sensor antibody may be ^«^tanS2^ 
c^T^ 011 ^^ a v ^^«ora, incSg g £ 

the labeled antibody (or la&led a^alytexlnn^enet 
= cassay design, flying, among o^'t^X ' 
v^mposfility of formulating generaTrX'^! 
warding this For example, reagent concentrations that 
are opfainal for isotopically labeled reagents used witha 

EE ^fr*?** ^aeasmT. toS 

backgrouBd dependent on its basic conTti^on)a» 

aaStl 0 ! ^ >1 eatirely Cerent when very higSs^ci£I 
acovity labels are used and one has the ^edS^Set 
the nieasunng instrument to samples of any size. In 

ano^^S!? U8i0M **** m «P«i«» of WA 
and dwa techniques may prove misleading when an- 

^l? 0 ! 8 theoretical consideration of (noncoa. 

^nuerospot immunoassay sensitivity <2%7£ 



x [(6 x lo^d + [Ab*D]©Jf[Ab»] (5) 

Til!!!? V^** deMi * ^diag aitea/^un*) 0 f aenaor 
antabody, K = eensor antibody affinity (ijmol IxSvL 
cation of labeled antibody in deve^g" ^ 
^reasedmumtso ^, wherein - labdedantiboS 

oi labeled antibody (moleculea/Aun*). and C « 
de^onlimit (moleculea*nL). TJ^^T^l 

20 ^ M**"?*"*.* - 10" iymofid^l: " 
20 molecules/^ then « 2.4 x 10« molecSeX.L 
- 4 x io mol/L and the fractional occupancy ofSa 

ahow« the theoretical assay sensitivities attainablewift 
^o^^ M ° fV ^^^^- 
A similar theoretical analysis of competitive micro- 
spot immunoassay indicates that potential aenritivltiS 

Z^T* 11 ' ^ 10 Attainable ^ ^ 
ventional competitive methodologies. In nmimary ti» 
atove considerations indicate that the aStrf 

S m 0 ^T P °, aB8ay ****** quires doa^Sng 
of molecules of sensor antibodies within the mim*™* 

accurately measuring very low surface densities of de- 
veloping antibodies. Tney also suggest thT( a 7nlw 
spot assay sensitivities considerab^gh^ 
obtamable by conventional isotopicaljy baa^imm£ 
noaasays are achievable, and (6) SSSs ^rfver?h^ 
speafic activity are available, the sensta^ewS 
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^^^^ ^ely to be i^rior and 
uaed) co^^/^^ea^ fa. 
achievable fa m*nj&££* WM *vities 
«gn. p assa ^ ^ conventional de- 

Finally, we briefly address a f^u 
«ona«y raised in this cauS. i r^^ Ue8tion «*a- 
tensticaofnMcrospotaaaaJ^ ,, tbe kioetic charac- 
regarding this issue rWh^ ^f te 8ho ^d be made 
jenafag anUbody^ne ,^ e ^^ ^ 
*• velocity of the antib^Wa^S???. COQ ^^on 
that at the bait (i /T^ bxndia * Action, ao 
«tu.ted within theSrc^^ r^'* 
Wics of the reaction^fa^ a ^« *ero) tbi 
h«nogeneouB liquid-phaae^^^lS 08 ? ob8 «rved in a 
effective conce»StioV^at^S!? d .' dthou ^ the 
faon medium i. exceedn^^^^Jf ^cui»- 

spot become occupied ia Svari a hlv ^ 1116 micr ^ 
antibody ia used, aa in , * h concentration of 

» mind the rehS onahT, £g£ 2^ ^ 
of aensor antibody an?5«ri^!S / ^ CboMl «^pancy 
-bove. it i. r^ demo^&£ »*» *£3 
the ratio riaea is greatestwW «. 1,16 rate at which 
tbe antibody J^^R."*"** *"* 
"Mentation whole jKjJ? " W given 
f crospot area, the Wheat " restricted * the 
observed(afterany Se ^St noi8e ** will be 
concentration *J^J&^*W<hmik 

P^anon, and to the gen^iCT^ £ "P"**! u»- 
^unoaaaay incubftioX^^ ^ ^ort 
We amounts of ^3;^- 
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J"or6>hora. The *J£iZ^Z* °' """Wi-ul 
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not speoficaljy desig^* mcrosco Pe). albeit 

nucrospot approach. ^ trBtM « feasibility of the 

area befag focused ont aT!^ 

Points thus poeseaTTu 1™*°°* emitted at otW 
detector. Suc^^^** * 
nuoreseeaee nuS^^.^ConventSep^ 
Posed to an easentiX^' f ^S* tie apecimen ia e> 
much Ct^ U ° fil!; S t TaS 
ated * • denXpRf^^^tteraaS. 
apontaneoualy emitted b y L^Tl 8ani P le - Bled**, 
cathode contribute to tte?a^ tott ^^^ 
^trument, M dmuaL£hSSf°^ d aS ** * the 
sibvity-be nwiim^S^f'^fo^aaa.yaen. 

- area, and this source o!^ 1^%^ 
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to di minish with future improvement in photomultiplier 
design. Other sources of background include fluores- 
eence emitted by component* in the optical system, 
which may not, in current instruments, have been 
constructed with background reduction as a prime con- 
sideration. Nevertheless, they detect with high sensitiv- 
ity fluorescent signals. For example, one commercially 
available microscope is claimed to detect fluorescein at a 
; tensity of 10 mdeculeaVin 8 . Most commercially avail- 
• able fluorescein isothiocyanate ,(FITC)-labeled IgG ex- 
. bibits a fluorophorfcrotein ratio of -4; this implies 
detection limit 0*%^) for antibody surface density of 
two or three FITC-labeled IgG molecules per micron^ 
ter* This, in turn, implies a theoretical sensitivity for a 
two-site immunoassay of -2-3 x 10 s analyte molecule^ 
per milliliter, assuming identical parameter values as 
above, or 2-3 x 10* molecules/mL if the sensing anti- 
body has an. affinity of 10" Ltool. Clearly, sensitivity 
may be increased by loading more fiuorophor either 
directly or indirectly onto the antibody. 
; Our prelinunary studies have relied on a less sensi- 
tive microscope, albeit one possessing facilities for dual- 
fiuorescence measurement Its argon laser emits two 
excitation lines at 488 and 514 nm. It is thus parti cu- 
My efficient in exciting blue/green^mitting fluoro- 
phores such as FJTC (excitation maximum 492 nm) but 
w less efficient in exciting fluorophores such as Texas 

Red (exatatioa maximum 696 nm). However, the ratio- 
metnc assay principle permits considerable variation in 
detection efficiencies of the two labels because the spe- 
cific activities of the labeled antibody species forming 
the antibody couplets can be chosen to yield signal 
ratios approximating unity. Inefficiency of the argon 
laser in exciting Texas Red is thus not a major handicap 
m this context Though this instrument relies on a 
conventional microscope and not on an optical system 
designed for this purpose (and thus implicitly less sen- 
otive), it permits quantification of fluorescence signals 
generated from microspots of any selected area! Initial 
studies have revealed that under conditions that are 
not optimal, the instrument is capable of detecting -25 
FTTC-labeled and (or) 150 Texas Red-labeled IgG mole- 
cules per micrometer 8 , while scanning an area of -50 
tan . 

The development of mienwpot immunoassays has also 
necessitated closer scrutiny of the mechanisms involved 
in the coupling of antibodies to solid supports. In the 
present context these should display a capacity to 
adsorb (in the form of a monolayer>-or to covalently 
link— a high surface density of antibody combined with 
low infrinric-signal-generBting properties (e.g., low in- 
trinsic fluorescence), thus mini»n^ ng background. We 
have examined a number of candidate materials, such 
as polypropylene, Teflon* cellulose and nitroceDuloBe 

membranes, microtiter plates (clear polyaryrene plates- 
black, white, and clear polystyrene plates), glass slides 
and quarto optical fibers coated with 3-<amino propyl) 
triethoxy silane, etc., and several alternative protocols 
for achieving high monolayer coating densities. These 



studies have exposed phenomena neither evident nor of 
importance when antibody binding to solid auppcX £ 
examined at a macroscopic level Provisionally wehav* 
used wbte Dynatech Mkrofluor microtia 
{or f^ *V detection of low fiuoresc^Lala. 
and yielding high signal/noise ratios and bighcortX 
densities of functional antibodies (-5 x 10* IgG mole- 
cales/zirnVfor assay development although such 
- plates are not ideal. Indeed, deficiencies in the antibody- 
deposition methods used constitute the principal source 
-.of imprecision.in assay results and the limitation in 
sensitivity that this implies. Clearly, this represents an 
area for further study and refinement of current coatinr 
techniques. ; r . ^ • . 
j Notwi&standing the limitations of present instru- 
mentation (which, among other things, doe* , not permit 
thft uae of time-reaolving techniques to distinguish two 
mmvidual fluorescence signals either from each other or 
from, background fluorescence) and -the erudenea of 
present methods for coupling antibodies onto small 
areas, we have verified the theoretical concepts outlined 
above by comparing the performance of several assays 
when constructed in microspot format and when conven- 
tionally designed Although unoptimized, ratiometric 
microspot assays have yielded sensitivity values closely 
approaching those of conventional optimized irma. As 
an example, the results of a ratiometric assay system for 
thyrotropin, with use of Texas Red- and FITC-labeled 
antibodies, are shown in Figure 13. Bearing in mind the 
well-known limitations of these and other "convention- 
al nuorophors when used as 
labels, such results are encouraging, although further 
work is clearly required to achieve the considerably 
greater sensitivity theoretically predicted with use of 
unproved fluorophors, better aatibody-inicrc*pottHiff 
techniques, and purpose-built (time-resolving) imstro- 
mentation. . 

^The finding that highly sensitive immunoassays can 
be performed with far smaller amounts of antibody than 
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fig. 13. Response curve In a dual-labeled rnfcospot ratiornetrie 
**»y of thyrotropin (TSH) with Texas Relabel* sofi^^ 
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are currently used conventionally permit! in turn the 
construction of antibody microipot arrays enabling, in 
principle, the simultaneous measurement of thousand! 
of different substances in 1-mL samples. In collabora- 
tion with invertigatorf at the Centre for Applied Micro- 
biological Research, Porton Down, UJL, we are pres- 
ently developing variottr techniques for the creation of 
such arrays. Indeed, similar technologies have recently 
been used for the parallel synthesis of several different 
polypeptides, these enabling 10 OOO-nucrospot arrays to 
be constructed on silica chips approximating 1 cm 3 (24). 
Although arrays of this capacity are unlikely.to ever be 
required for conventional diagnostic purposes we can 
Anticipate that the , . ability to simultaneously measure 
.many substances in the same sample will have revolu- 
tionary consequences in medicine and other similar 
■ r areas. In addition, such techniques may ultimately 
permit the individual analysis of the multiple isoforms 
of certain "heterogeneous- analytes (e.g., the glycopro- 
tem hormones), such molecular heterogeneity currently 
presenting a major obstacle to the standardization and 
interpretation <3f many immunological measurements 
(25). Moreover, although these concepts have been illus- 
trated in an immunoassay context, they are clearly 
..applicable to all "binding assays," mcluding those rely- 
ing on the use of DNA probes., hormone receptors etc 
For example, labeled lectins that are specific* *t£E 
reactions with the sugar residues in the oligosaccharide 
Asms of glycoprotein molecules may be used, together 
with specific antibodies, to impart additional "structural 
spedfldly" to sandwich assays (26, 27), possibly over- 
coming the limitations of antibodies per se in regard to 
differentiation of the glycosylation variants of the gly- 
coprotein hormones. 

Summary and Conclusion . / 

Because of past confusion regarding the concepts of 
preonoivsensitivity, accuracy, etc.. several erroneous 
concepts have become incorporated within currently 
accepted rules of immunoassay design. In particular 
much higher antibody concentrations are customarily 
used than are necessary to achieve very high assay 
sensitivity, provided that certain measurement strate- 
gies are adhered to. In this presentation, we have 
attempted to show that, in principle, the highest assay 
sensitivities are obtained by confining a small number 
of sensor antibody molecules onto a very small area in 
tne form of a microspot and measuring their occupancy 
by an analyte by using very high-specific-activity "de- 
veloping" antibody probes, thereby maximizing the sir- 
nal/hoise ratio in the determination of sensor antibody 
occupancy. This observation, which contradicts cur- 
rently accepted immunoassay design theory, in turn 
makes possible the measurement of an unlimited num- 
ber of different analytes on a chip of very small surface 
area through the use of, e.g., laser scanmng techniques 
closely analogous to those used in compact disk tech- 
niques of sourid recording. Extensive experimental stud- 
les in this area albeit conducted with relatively crude 
techniques and instrumentation not specifically de- 



, «gned Jar these purposes, and therefore not renewed it, 
detail M ta. demonrtratedtt. hSSSTZ 
anta^mianspot approached ^ £ 

,^ty of Oe general concepts on which it ia baaed! We 
are therefore confident.that this rejireaent. theW/rf 

* nert-generation technology thauTutolo 
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Rapid Detection of 1717-1 G-*A Mutation in CFTR Gene 
, by PCR-Medlated Site-Directed Mutagenesis A™ 

Cremoncsi,' Manuela Sao? Carmelina Magnani,' and 
Maurizio Ferrari' ( l Istituto Scientifco H.S. Rafiaele 
Lab. CentraJe, Milano; 2 Istituti Clin, di Perfeaoiiamento 
Lab- di Ricerche Clin., Milano Italy) ' 




Unbl now^unong the non-AFSOS mutations identified in 
ttecystic fibrosis transmembrane conductance regulator 
(CFTR) gene by the Cystic Fibrosis (CF) Genetic Analysis 
Consortium, the ones most frequently seen in our popula- 
tion sample are the 3717-1G-A mutation (13/144 or9% of 
to CF d^oaomes) and the G542X mutation (16/190 or 
8.4% of the CF chromosomes), both revealed by dot-blot 
hybnduation of the polymerase chain reaction (PCR) prod- 
uct with aJlele-specinc oligonucleotides (ASO) probes U) 
In an attempt to simplify the analysis of the most 

r!!y e ?\oJi t ^ OM m CFTR we converted radio- 
labeled ASO detection into restriction endonudease anal- 
ysis of the amplified product 

i«J ^^*^l^ 1 f eCted muU * enes * C2. 3) to de- 
tect the G542X mutation by generating a novel BstNl site 
m the wild-type sequence had already been suseested (4\ 
To detect the 1717-1G->A mutation, we designed the 
reverse primer (5'-CTCTGCAAACTTGGAGAGGTC-3') to 
contain a single-base mismatch (T->G), whichrould create 
a novel Audi restriction site [G i G(A/T)CC] in the am- 
phfied wild-type (WT) allele but not in the CF mutant CM) 
allele: 

WT: WT 2717 
J- 



*9- 1- Detection d the 1717-1G-A mutaHon by PCR s - 

BeaeSons wen canitd out wtth 1 o( owttnicONAha toWwA^^i,^ 



5' 



TAGGACA GCAGAG 

.CGTCTC 



t AT3CTGG, 



5' 



Auxllsite 

1717 

t 



■5' 



3* 



3' 



TAAGACA. GCAGAG 

ATTCTGG CGTCTC 

*• mutas-enused base of reverse primer 



5' 



For the forward primer, we used the one made available 
7 CF J^ hc Analysis Consortium to amplify ezon 11 
geDe: 5 ^ AACTGTGGTTAAAGC AAT- 

Dipstion by AuoD enzyme of the PCR product eenerates 
two fragments of U6- and 21-bp in the wild-tyje alleles 
and leaves undigested a 137-bp fragment in thVmutant 
alleles (Figure 1). . T7^. 

By combined analysis for the AF508 mutation (5) (252/ 
470 or 53.6% of the CF chromosomes), 1717-1G— »A, and 
G542X, about 71% of mutations might be detected by 
nomsotopic analysis of the PCR product, thus allowing a 
faster and easier one-day procedure for carrier screening 
and prenatal testing. 
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